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Lone pair materials have proven to be of high relevance in many technologically relevant fields. 
In this work we established SnTiO3 as a new platform, allowing for an in-depth investigation of 
lone pairs and their impact on electronic and crystallographic structure. This work focuses on 
the synthesis of SnTiO3, its photocatalytic application and potential ferroelectricity.  
The use of a soft chemistry approach enabled the synthesis of the long-sought after SnTiO3, 
circumstancing problems of disproportionation and oxidation. We show that SnTiO3 adopts a 
crystal structure corresponding to an expanded version of the ilmenite structure-archetype. The 
heavily stacking faulted nature of bulk SnTiO3 could be rationalized by the extremely low 
energetic differences between the polytypes as obtained by DFT calculations. By application of 
EELS and NMR analysis methods it was possible to show the impact of lone pairs on both the 
local octahedral and the long-range stacking regime. The ilmenite-type SnTiO3 itself is, however, 
unsuitable for ferroelectric applications due to the fact that the dipole moments of neighboring 
TiO6 octahedra cancel each other. 
Perovskite-type SnTiO3, in contrast, has been predicted theoretically to be a potential 
ferroelectric, offering the advantage of reduced toxicity compared to commercial Pb(Ti,Zr)O3. By 
scanning of the phase space using a data mining and a global search algorithm around the 
ilmenite-type derived SnTiO3 several experimentally accessible structure candidates were 
identified, including two different perovskite-type compounds. A tetragonally distorted SnTiO3 is 
predicted to be stable at pressures between 11-15 GPa and an orthorhombic SnTiO3 at pressures 
above 15 GPa. However, both do not show freezing of the corresponding soft modes and thereby 
have no switchable dipole moments and thus no ferroelectric behavior. 
In-situ observation of high pressures on SnTiO3 using diamond anvil cells up to 45 GPa in both 
Raman spectroscopy and powder diffraction, identified three phase transitions at 1 GPa, 5 GPa 
and about 20 GPa. They are tentatively assigned to a change in stacking order, an isostructural 
2nd order phase transition and a potentially incomplete transition to perovskite-type SnTiO3, 
respectively. Furthermore, the extremely soft nature of SnTiO3 (bulk modulus = 23 GPa) was in 
accordance with anisotropic compressibility caused by the van der Waals gap.  
The initially expected advantages of SnTiO3 in photocatalysis regarding light absorption, charge 
transport and separation are outweighed by the disadvantages of defect formation and surface 
instability. SnTiO3 indeed has extremely low hole effective masses at < 0.2 me and nearly ideal 
band gap of about 1.8 eV. However, the intrinsic instability of Sn2+ lone pairs suggests that 
internal heterojunctions remain feasible in principle, but only by using more stable lone pair 
compounds. The intrinsic presence of surface Sn4+ is explained by the extremely low ionization 
V 
potential of SnTiO3. Furthermore the anti-bonding character below the Fermi level makes partial 
oxidation/hole doping of SnTiO3 favorable.  
Direct interlayer Sn-Sn interactions as identified by DFT and NMR underline the 3D-character of 
seemingly 2D SnTiO3, and thus make exfoliation challenging and potentially hamper proper 
separation over an internal heterojunction. The identification of these strong direct interlayer 
Sn-Sn interactions allows for rationalizing the found stacking polytypes in SnTiO3 and 
potentially opens an approach to even understand the polytypes’ range.  
The results of this thesis underline the importance of lone pair materials as model systems to 
study structure-property-relationships. The challenges and opportunities posed by lone pairs, 
such as stacking faults, rendering single-crystal growth challenging and the convolution of bulk 
and surface effects (such as presence of Sn4+) necessitate a kaleidoscope of different specialized 
analysis techniques while revealing an extremely rich structural, electronic and catalytic 
chemistry. The position of SnTiO3 as a link between the 2D transition metal chalcogenides and 
the 3D perovskite solid state chemistry is unique and therefore promises further revelation of 
structure-property-relationships and interesting applications of SnTiO3 beyond photocatalysis 
and ferroelectricity.  
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1. Introduction 
 Structure-property relationships in materials chemistry 
Ever since the beginning of humankind, it has been the essence of humanity to use materials or 
tools to create something new. The use of a sharp edge of a stone to cut a piece of meat may seem 
intuitive, but it is less straight forward to use a combination of KNO3, charcoal and sulfur as 
gunpowder1 or an early galvanic cell as local analgesia2, and completely unintuitive to use PbTiO3 
as a little motor to move a stage by only a few nanometers3. However, it is also the essence of 
humanity to explore the potential for further applications of a material or tool. This exploration 
can take months, years, or even millennia. It is humanities’ dream to fully understand each and 
every (natural) parameter and ultimately be able to predict, if not design from scratch, new 
applications and properties.  
In the field of solid-state and materials chemistry both syntheses and applications remain mostly 
explorative. This is not surprising keeping in mind the myriad of combinatorial possibilities in the 
periodic table of elements, let alone the addition of parameters such as particle size, defect 
chemistry, and many more. To the day, new and unexpected chemical bonds are being identified 
in solids4 and the more recent identification of new physical states of matter, such as topological 
insulators,5 adds more variables to the playground. Yet, science has made huge steps towards the 
detailed understanding of the correlation between structure, property, and eventually, 
applications. Especially the systematic synthesis of new compounds, i.e. the “chemist’s core 
business”, to study hypotheses around certain structure-property relationships, remains of 
tremendous interest.  
Compounds with lone pair cations are good examples where introduction of a certain structural 
element has allowed for deeper understanding of correlating properties. Since the 1950s lone 
pairs have been identified as major reason for piezoelectric distortions in lead titanates3 and more 
recently received attention due to the discovery of hybrid perovskites as efficient solar 
absorbers6. In both cases lone pairs have allowed to extract structure-property relationships. 
Despite decades of research lone pair materials therefore still allow for a deep understanding of 
the correlation between electronic and crystallographic structure, with many applications. 
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 The stereochemically active lone pair 
In the following paragraphs, we want to first define the class of lone pair materials, then introduce 
photocatalysis as a general concept and eventually elaborate on the use of lone pair cations in 
photocatalysts as an alternative for valence band tuning, highlighting possible advantages. 
According to IUPAC a lone pair is defined as “two paired electrons localized in the valence shell on 
a single atom.”7. Classically, these occur on anions and define molecular structures. Their 
stereochemical activity is explained by hybridization of s- and p-orbitals. In the most simple case 
of H2O, the O s- and O p-orbitals are combined to give four sp3-orbitals of which two form bonds 
to the hydrogen atoms and the other two form lone pairs occupying the space through maximum 
repulsion forming a tetrahedron.  
Likewise, lone pairs also appear on post-transition metal cations and their stereochemical activity 
was described historically by a hybridization of s- and p-orbitals on the cation resembling the 
observations made for anions8. In 2011 Walsh et al.9 revised this classical model for lone pairs 
emphasizing the role of the anion, which had first been proposed by Watson and Parker in 199910 
for α-PbO and has since been further discussed11-14. The revised model allows, for example, the 
accurate prediction of the structural symmetries found in the series from SnO, SnS to SnSe, and 
SnTe. SnO crystallizes in the tetragonal litharge structure, while SnS and SnSe are cubic and SnTe 
possesses the rocksalt structure without any distortions. 
 
Figure 1.1. Scheme showing the revised lone pair model according to Walsh et al.9. The hybridization 
between the anti-bonding orbital of Pb 6s and O 2p with the Pb 6p states leads to the formation of the 
stereochemically active lone pair. The energy gained by occupation of the new hybrid orbital drives the 
formation of lone pairs. 
Walsh et al. show that only if the anion’s p-orbital and the post-transition metal’s s-orbital are 
energetically aligned, hybridization is possible and, consequently lead to stereochemically active 
lone pairs. More specifically, it is the anti-bonding hybrid orbital formed between the cation 
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s-orbital and the anion p-orbital, interacting with the p-orbital of the cation that eventually 
induces the stereochemical activity (Figure 1.1). If the energy gained through anti-bonding orbital 
stabilization is higher than the energy lost through smaller coordination number, 
(stereochemically active) lone pairs form. Materials fulfilling the condition of stereochemically 
active and as such structure-directing lone pairs are thus termed “lone pair materials”, according 
to the nomenclature of Walsh. 
The influence of lone pairs may be differentiated by the impact on electronic structure by 
hybridization and involved absolute electronic energies on the one hand, and by the impact on 
spatial arrangement of atoms by their stereochemical activity on the other hand. Both of these 
structure-property relationships are studied in this work, by correlating the electronic structure 
with the photocatalytic properties and by correlation of the crystallographic structure with 
distortions and faults, potentially inducing ferroelectric properties. It is obvious that both are 
intertwined at all times and may only be considered separate on a conceptual level. 
 Photocatalytic water splitting 
The EU population’s energy demand is mainly nourished by coal and natural gas15. These fossil 
fuels form CO2 upon combustion, a greenhouse gas identified as major contributor to climate 
change. One alternative approach to avoid the formation of CO2 could be switching to an H2-based 
energy economy16. In comparison to carbon combustion only H2O will form, which is easier to 
reintegrate into a sustainable cycle. To date, however, the large scale production of H2 is either 
based on the steam reformation of fossil fuels or the electrolysis of water, an energy intensive 
process, both hampering the use of H2 as a sustainable and clean fuel17-19.  
Photocatalytic water splitting offers a solution to the energetic problem, as directly exploiting 
abundant sun light as the energy source for H2 is a sustainable alternative. While plants perform 
photosynthesis, and thereby produce products of higher energetic value, photocatalysis in the 
narrow sense only enables thermodynamically favored reactions.20, 21 The complete water 
splitting reaction22 (1) is indeed endergonic and can thus not be performed by a simple 
photocatalytic process: 
    H2O  
                                                                
→                         H2 + ½ O2   ΔG = + 237 kJ/mol (1) 
only the two half-reactions, H2-evolution (2) and O2-evolution (3) may be exergonic20, when using 
additional sacrificial donors: 
  2 H+ + 2 electrons (e-) 
             𝑀𝑒𝑂𝐻 𝑜𝑟 𝑠𝑖𝑚𝑖𝑙𝑎𝑟              
→                        H2       (2) 
  2 O2- + 4 holes (h+)  
             𝐴𝑔𝑁𝑂3 𝑜𝑟 𝑠𝑖𝑚𝑖𝑙𝑎𝑟            
→                        O2      (3) 
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Figure 1.2. Scheme of photocatalytic water splitting on a semiconductor particle with the respective energy 
ranges of band positions both against vacuum and Normal Hydrogen Electrode (NHE) at pH 0. 1. Absorption 
of a photon and excitation process, 2. charge separation process, and 3. surface catalytic reaction to form 
both H2 and O2 from H2O. 
In the photocatalytic reaction, at least three main processes can be distinguished. Firstly, the 
provision of the respective electrons and holes23 by absorption of a photon in a semiconductor 
(Figure 1.2). Secondly, the charge carriers will need to separate spatially and migrate to the 
surface, more precisely the co-catalyst. At the surface, in a third step, the charge carriers either 
recombine at defects or, ideally, are transferred to the electrolyte. Only the last step is classically 
described by heterogeneous catalysis, which is the interaction of the reactants with a surface such 
that the thermodynamic equilibrium is reached faster24. Yet, photon absorption and charge carrier 
separation are an integral part25, 26 of the reaction and are mostly determined by the electronic 
structure of the semiconductor. Thus, lone pairs can strongly influence these processes. This 
introduction will therefore focus on internal or intrinsic properties of semiconductors and less on 
the charge transfer and thus surface related problems such as the choice of co-catalysts or similar. 
To have the full picture in mind a short overview of all required steps is given in the following 
paragraphs including a short history of photocatalytic water splitting. 
Fundamental for photon interaction with the semiconductor is the appropriate energy of the 
photon required to overcome the band gap. At the same time, a minimum energy, 1.23 eV per 
electron for water splitting, is required to drive the desired photocatalytic reaction. Shockley and 
Queisser have shown this for photovoltaic materials, which have an efficiency optimum depending 
on the quantity of available photons with suitable energy, the so-called Shockley-Queisser limit27. 
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In addition to the appropriate energies required, also the electronic density of states will limit the 
amount of potentially excitable electrons. Furthermore, depending on the symmetry of the 
involved orbitals, additional selection rules may limit the efficiency of light absorption. 
After absorption of a photon, an exciton is generated. Excitons are characterized mainly by the 
electrostatic binding energy (the exciton binding energy) between the electron and its mirror 
charge: the “hole”. Generation of separated charges will need to overcome this energy. For 
effective migration of the charge carriers, the crystal has to be of high quality (defect-free) and the 
migration pathway to the surface should ideally be short, as for example in nanostructures28. 
Strong interaction of the excited charge with the materials’ lattice (electron-phonon-coupling) 
may trap charge carriers locally29 and hence hinder efficient charge carrier migration. 
In general one distinguishes between systems with full water splitting capability, catalyzing both 
half-reactions, and systems that only catalyze one half-reaction, in which the opposite charge 
carrier can either be quenched by a so-called “sacrificial agent” or transported to another 
electrode, often aided by an additional voltage in photoelectrochemical cells30. For all setups, the 
essential requirement is the minimum required energy for the water splitting reaction provided 
by the absorbed photon. 1.23 V (118 kJ/mol (normalized to one electron)) on the electrochemical 
scale is the minimum energy required to enable the full reaction. In real systems, overpotentials 
will add to the 1.23 V. It has to be emphasized that the role of the co-catalysts31 and as such the 
classical heterogeneous catalysis is the reduction of these overpotentials. Band bending and 
therefore surface overpotentials do not only depend on the type, size and distribution of the 
applied cocatalyst32, but also intrinsically on the provided amount of separated charge carriers25. 
The H2-evolution half-reaction is generally considered to be less complex. The less intricate use of 
only two electrons per evolved H2 and the well-established co-catalysts such as Pt nanoparticles 
and also Ni nanoparticles 33 have made H2-evolution rates possible in the range of mmols·g-1·h-134. 
These catalysts still rely on either additionally applied voltages or the use of the previously 
mentioned sacrificial donors, which quench the holes due to their more negative oxidation 
potential compared to H2O. The most commonly used donors, such as methanol and amines 
(triethanolamine or triethylamine), are consumed35 during the reaction. Evidently, for large-scale 
use a sustainable and continuous supply of electrons is necessary. Therefore, it is of great 
importance to also find good catalysts for the O2-evolution half-reaction36, which would provide 
these electrons. This reaction, in contrast to H2-evolution, is intrinsically more intricate, due to 
four holes/electrons involved per stoichiometrically evolved O2. The higher amount of electrons 
transferred require higher retention times of the intermediates on the catalysts’ surface, 
concurrently increasing the probability of the back reaction. It has been shown that certain core 
shell structures37, 38 may hamper the reverse reactions. 
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Nonetheless, for scientific purposes it has proven to be practical to observe only one half-reaction 
at a time. Ideally, the use of the “sacrificial agent”35, 39 shifts the rate-limiting step towards the 
half-reaction to be observed. Change of parameters and potential improvement of photocatalytic 
rates will thus be correlated to the half-reaction that one intends to optimize. Of course, 
appropriate dark and blank runs are indispensable to exclude current doubling40, catalyst self-
oxidation,25 or other factors reducing the evolution of the desired H2 or O2 products.  
1.3.1. Photocatalytic water splitting in semiconducting metal oxides  
In 1972 Honda and Fujishima41 first showed successful water splitting on TiO2. Since then, metal 
oxides are an extremely promising class of materials for water splitting applications as well as 
detailed structure-property relationship studies. The ease of nanostructuring, compositional 
variety as well as the stability under photocatalytic conditions are fundamental requirements for 
water splitting, which are relatively simple to fulfill with metal oxides.  
The enormous literature with thousands of publications every week dealing with smaller and 
bigger problems of photocatalysis is out of scope for this introduction. We will therefore focus on 
structure-property relationships of ternary titanates and compounds with lone pair electrons.  
The following paragraph is closely inspired by a review article sketching the history of 
photocatalysis by Maeda42. After the discovery of photocatalytic water splitting activity for TiO2 it 
was an intuitive step to try this reaction on titanates as well. Shortly afterwards, successful water 
splitting on SrTiO3 was reported43. Still inspired by classical heterogeneous catalysis the reactions 
were carried out using water vapor. Inoue et al. reported BaTi4O944 and Na2Ti6O1345 to have 
photocatalytic water splitting activity in the early 1990s, thereby broadening the family of 
catalysts beyond perovskite-type structures. With the discovery of K4Nb6O1746 the first example of 
non-titanate-like photocatalyst was found. Niobates and also tantalates47 have the benefit of 
conduction band minima (CBM)48 with more negative energies on the electrochemical energy 
scale, therefore facilitating the charge transfer from the semiconductor to the electrolyte.  
Titanates are very well suited for a huge variety of compositions due to their ability to condensate 
the TiO6-octahedra into extended sheet-like structural motifs49. Especially the exfoliation50, 51 into 
2D materials by first ion-exchange and then applying shearing forces, through shaking or 
sonication, led to materials of very high surface area and therefore increased activity52, 53. On the 
search for catalysts with high surface areas, layered Ruddlesden-Popper and Dion-Jacobson 
phases were studied by Domen et al.54 and are still actively discussed today by Osterloh28, 55-58 and 
others59.  
The full exfoliation into monolayers of many structures, however, has not led to the expected 
multiplication of catalytic rates. As potential reasons bad charge separation, high surface 
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recombination and small quantum yield due to the reduced interaction possibilities for the 
photons with the semiconductor are discussed by Osterloh28. 
1.3.2. Band structure engineering 
All photocatalysts with d0 electron configuration (Ti4+, Nb5+, Ta5+) mentioned until now share the 
disadvantage of being only UV-light active. Due to the small amount of photons (6% on the earth’s 
surface60) with energies of 3 eV or more in the solar spectrum the overall water splitting activity 
for these catalysts is limited. To broaden the energy spectrum useful for water splitting, band 
structure engineering has been applied successfully. One strategy for band structure engineering 
is cation substitution, often referred to as “doping”61-63, a terminology that will be used throughout 
this thesis. The dopant introduces additional electronic states within the large band gap of the 
semiconductor thus allowing excitation into the conduction band with lower energy photons64. 
For obvious reasons, substitution of CBM-forming d0 transition metals will affect the CBM (Figure 
1.3). However, upon reaching the (stability) limit of substitution the photocatalytic activity might 
quench completely due to inadequate band alignment with the electrolyte or formation of 
undesired side phases (Figure 1.3), if an unsuitable dopant is chosen. 
 
Figure 1.3. Scheme showing band positions of TiO2 semiconductor upon (hypothetical) introduction of Cr3+ 
dopant with suitable absolute band positions and or W6+ dopant with unsuitable impact on the CBM. While 
the Cr3+ introduction in TiO2 induces visible-light absorption, still allowing for charge transfer to H+, W6+ 
pushes the CBM towards too positive potentials.  
Furthermore, doping has the disadvantage of introducing potential recombination pathways for 
the excited and separated charge carriers, due to singular electronic states instead of delocalized 
bands throughout the crystal62.The role of lone pairs in this context is discussed in Chapter 1.3.4. 
Charge carriers in lone pair materials. 
Another strategy to broaden the energy spectrum useful for water splitting is the addition of 
photosensitizers such as pigments, which will transfer the charge carriers onto the actual catalyst 
and is discussed in detail in the dye-sensitized solar cell literature65-67. This strategy is closely 
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interconnected with the design of so-called p-n-heterojunctions, which will be discussed in the 
context “internal heterojunctions” in Chapter 1.3.3 . 
The directed tuning of the valence band for visible-light activity has been established by Asahi 
et al. in 2001 with the successful doping of nitrogen into TiO268 . Based on this work many other 
nitrogen doped or substituted catalysts have been demonstrated to yield efficient visible-light 
active photocatalysts, such as BaTaO2N69, LaTiO2N70, Ta3N571, and many more. The possibilities for 
valence band tuning72 in oxides by introduction of or even full substitution with other anions is 
limited due to the small variety of suitable anions (S2-, Se2-, Cl-, Br-, N3-, P3-). Moreover, decreasing 
stability of non-oxidic substances under water splitting conditions is observed, e.g. in sulfur doped 
BiVO473, BiOCl74, 75, or CdS76-78, making this approach challenging for use under real conditions. 
1.3.3. Lone pairs in photocatalysts 
As early as 1998 Kudo et al.79, 80 reported the use of lone pair containing BiVO4 as a visible-light 
active photo(electro)catalyst for oxygen evolution. Soon after, they identified Bi3+ as a promising 
design principle for overall water splitting catalysts81. As of today BiVO473, 82, 83 is a well-studied 
example for a lone pair containing photocatalyst. The disadvantage, however, is the absolute 
position of the conduction band, which is beneath the water reduction potential84. Inspired by the 
discovery of the highly efficient photovoltaic material methylammonium leadiodide (MAPI) in the 
year 2009 by Kojima et al.85, main group elements forming lone pairs have become an even more 
intriguing design parameter86 for synthetic variety in photocatalytic oxides and have been actively 
investigated in recent years, for example in PbWO487, SnWO488, 89, or PbSb2O690. With the 
emergence of better density functional theory (DFT) calculation methods, Walsh et al.13 were able 
to calculate the band structure for BiVO4, showing that the hybridization of Bi s-orbitals and O p-
orbitals is constituting the valence band maximum (VBM) as speculated by Kudo et al.79 and later 
described in the revised lone pair model. Inoue points out that a large dispersion of the band gap 
forming states may facilitate charge transport and hence catalytic activity91 and indeed lone pair 
materials often have steep dispersion at the valence band maximum92. A closer look at the charge 
transport properties in lone pair materials will be given further down in Chapter 1.3.4 Charge 
carriers in lone pair materials. 
It has long been established that charge separation can be aided by either adding an electron or 
hole sink in the form of a co-catalyst or by designing a p-n-heterojunction93. In Figure 1.4, a 
p-doped semiconductor and an n-doped semiconductor are shown in contact to aid the spatial 
charge separation94. In the context of polymer solar cells a more intimate mixture of the two 
conduction pathways95, 96 was realized such that a charge separation on nearly molecular level 
(down to few nm) is achieved in so-called bulk heterojunctions.  
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Figure 1.4. a) Scheme of a “classical” p-n-heterojunction, formed due to a suitable band alignment of two 
semiconductors. Excited charges (filled circles = electrons, empty circles = holes) are energetically favored 
to accumulate in spatially separated sides of the electrodes. b) “Internal heterojunction” as proposed for 
Bi2WO6, in which the transition metal oxide dominated CBM allows for electron transport and the VBM 
mainly constituted by the post-transition metal lone pair induces hole transport. The driving factor for 
charge transport are the band dispersion and small structural deviations. 
Upon use of quantum dots of FeS2 and CdS2 a similar concept has been realized as “all-inorganic 
bulk heterojunctions”97. During the excitation process, an electron may also move into spatially 
different orbitals94, as known for charge-transfer excitons98. If both valence band maximum and 
conduction band minimum consist of relatively well dispersed bands and allow quick and easy 
charge dissipation, one can imagine that across band gap excitation will also separate the electron-
hole pair. This idea of sub-nanometer charge separation has successfully been established more 
recently in the 2D material of exfoliated Bi2WO681, 99. The Bi-O-layer forms the VBM, while the 
spatially separated W-O layer constitutes the CBM, introduced as an “internal heterojunction” 
(Figure 1.4).  
The combination of continuous 2D layers which at the same time constitute CBM and VBM only 
makes few materials eligible. Fortunately, lone pairs tend to cluster,100, 101 thus often forming 2D-
like structures dominated by van der Waals-like gaps (as discussed in the context of stacking faults 
the true nature of bonding across these gaps is more complicated). As mentioned above, these 
lone pairs often form the VBM, which is highly anisotropic and typically expands perpendicular to 
the stacking direction. Examples for this type of sheet-like architecture are the mentioned 
Bi2WO699, as well as SnNb2O6102, Sn2Nb2O7103 PbSb2O690, Bi2MoO6104, Bi2W2O781 among others. 
Moreover, other examples than 2D-materials are known for lone pair containing photocatalysts, 
such as Sn2TiO4, with a more complicated tetragonal crystal system composed of isolated 
TiO6-octahedra bridged through Sn2+ ions. Also SnWO414, the above mentioned BiVO479 and 
Sr2Bi2O5105, have isolated lone pairs in common. 
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1.3.4. Charge carriers in lone pair materials 
Lone pairs can help tackling two fundamental issues regarding efficient charge carrier transport. 
One is the introduction of bands with steep dispersion. The concept of effective masses has been 
applied successfully to rationalize the easier movement of charge carriers in an electric field. 
Hautier et al.92, 106, 107 have identified a number of promising candidates, such as the lone pair 
materials K2Sn2O3 and even tetragonal PbTiO3. Not surprisingly, lower masses indicate less inertia 
and thus better transport properties. Walsh et al.101 were able to show that certain conduction 
pathways may also benefit from the fact that lone pairs tend to cluster (similar to the van der 
Waals gaps in 2D materials) in which holes may travel macroscopic distances.  
The other fundamental issue is the quantity of charge carriers. Effective doping has been mostly 
applied for n-type (electron conducting) materials; for example in F-doped SnO2 or Sn-doped 
In2O3. With regards to intrinsic conductivity oxygen vacancies tend to induce n-type defects108. In 
contrast, in the lone pair containing SnO109 and Sn2Nb2-xTaxO7110 p-type conduction has been 
realized. Hosono et al. have predicted p-type conduction even for mixed valence Sn(II)/Sn(IV) 
oxides111 making them candidates for p-type transparent conducting oxides (TCOs)112.  
However, while lone pairs offer low effective masses and intrinsic p-type conduction, many of 
these materials have very low density of states113 at the valence band maximum, which is intrinsic 
to the steep dispersion. In addition, these bands at higher potentials are often prone to 
oxidation114. 
Charge carrier transport under light may impose additional problems. On the one hand, lone pairs 
have been discussed to be the reason for relatively high defect tolerance by pushing defects out of 
the band gap115, 116. More precisely, it is the anti-bonding hybrid orbital which is always higher in 
energy compared to the individual constituting s- or p-orbitals hence causing any dangling bonds 
(individual s- or p-orbitals) created by cation vacancies to remain within the valence band 
(Figure  1.5). 
 
Figure 1.5. Lone pairs leading to defect tolerance by occupation of anti-bonding hybridized states, thus 
pushing the Fermi level up above the individual atomic defect states. 
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On the other hand, lone pairs may also be the reason for charge self-trapping117, as described in 
the form of Pb3+ species in hybrid perovskites118, 119 and lead halides120, which are however also 
discussed to be centered on the anion121, 122. The self-trapped charges are stable forming mixed-
valence states123. Charge self-trapping is a major reason for non-radiative recombination 
(Figure 1.6), and thus has to be considered when discussing photon-to-hydrogen conversion 
efficiencies in photocatalysis117. 
 
Figure 1.6. Mechanism of non-radiative charge recombination (Shockley-Read-Hall) for a semiconductor 
with the ability to switch between Sn2+- and Sn4+-defect states within the band gap. 
2D structures are known to form quantum wells124-126, due to the very different dielectric 
constants in the metal dominated layer vs. the organic layer in 2D hybrid perovskites, or the van 
der Waals layer in lone pair materials. This may further increase exciton binding energies, 
sometimes above energies that can thermally be achieved at room temperature and, 
consequently, reduce the photon efficiency drastically. 
 Topotactic “soft” chemistry 
Topotactic or topochemical reactions have been shown to be a conducive method for the synthesis 
of layered compounds127. In this reaction type, it is possible to take advantage of preformed 
structural motifs. The motifs kept are, for example, more strongly bound octahedra within a layer 
compared to the weaker ionic or even van der Waals bound between two layers, which are more 
prone to react. The target materials are then often accessible by “soft” synthesis routes128, such as 
ion exchange and ion intercalation129. The use of soft synthetic routes is of special importance in 
materials in which multivalent ions, e.g. lone pair cations, are targeted in a specific oxidation state 
to avoid disproportionation or formation of thermodynamically favored fully oxidized phases. 
This is exemplified in Figure 1.7 for the reaction of Na2IrO3 to delafossite Cu(I)3(NaIr2)O6130 at 
relatively low temperatures of 400 °C. Although soft chemistry routes for layered compounds 
mostly focus on solution-based approaches, such as hydrothermal or ionothermal conditions (salt 
melts)131, direct reactions via metathesis132 may be considered as relatively soft approaches as 
well. For example, the formation of alkali halides (NaCl, KCl) can drive solid-state reactions to 
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completion due to their large formation enthalpies and can thus give access to a new 
“thermodynamic niche”. 
 
Figure 1.7. Example of a topotactic ion exchange reaction to form a Cu(I) delafossite from a layered 
precursor at low temperatures by formation of alkali chlorides (ACl) with high lattice energy. (Copyright © 
The Royal Society of Chemistry 2016). 
 Structural disorder induced by lone pairs 
Disorder is a common phenomenon present in real structures and may influence (drastically) the 
physical properties of materials. Even at 0 K, crystals show non-perfect ordering due to presence 
of dynamic disorder and the resulting configurational entropy gain (zero-point energy). In 
contrast, static disorder is not derivable from a specific molecular vibration, and includes 
impurities (intentionally or unintentionally), distortions or stacking faults. If lone pairs with 
stereochemical activity are introduced in materials, they may influence the crystal both globally, 
inducing stacking faults, and locally inducing octahedral distortions. For a complete 
crystallographic treatment the reader is referred to the Crystallographic Tables B133. 
1.5.1. Stacking faults 
Stacking faults have been studied in detail in close-packed systems such as metals in which 
hcp-type stacking may easily switch to fcc-type stacking. The more or less random switching 
between stacking types leads to polytypism134 found not only in metals but also SiC or diamond 
and are commonly denoted135 by the Ramsdell notation (e.g. 9R), Jagodzinski-Wyckoff (e.g. hc) or 
the ABC notation. In the case of the switching from fcc to hcp the stacking can be described by only 
two characteristic stacking vectors (Figure 1.8). Basically, the constraints given by the close 
packing only allow two energetic minima of the next layer. Stacking vectors leading to AA-type 
stacking therefore are thermodynamically unfavored (Figure 1.8). 
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Figure 1.8. a) Close-packing of fcc-type stacking (ABC), with the A-layer highlighted in white. b) close-
packed system of fcc-type stacking with hcp-type stacking fault (ABA). The red arrows show the two 
different stacking vector directions. 
1.5.2. Bonding situation in layered lone pair materials 
Layered materials in general are prone to stacking faults, especially undergoing exfoliation and 
restacking. The restacked material shows turbostratic (random) disorder with more than few 
stacking vectors and with the characteristic reflection broadening in certain crystallographic 
directions136. As-synthesized powders, however, may also show stacking faults, and must hence 
be characterized by local stacking polytypes137, 138. For simulation and refinement of such faults 
Dinnebier and Bette describe the principles of stacking faults very well in the recent book Rietveld 
Refinement139. The authors point out the possibility of stacking faults to have a certain range. 
Consequently, after the occurrence of a change in stacking sequence, indicated by the change of a 
stacking vector, a certain amount of layers may be required for the system to allow for another 
fault, leading to a microstructure dominated by local twinning. Very recently, Mio et al. have come 
up with a potential explanation for the occurrence of ranges in layered phase-change materials140. 
They argue that stacking faults have to be differentiated according to the bonding type between 
the individual layers. Turbostratic or random faults can only occur, if the layers interact very 
weakly and locally, as for example found in true van der Waals materials such as graphene. If a 
“stacking range” and therefore twinning-like behavior is identified, it must be the consequence of 
long-range next nearest neighbor interactions140. Taking into account that in the revised lone pair 
model, lone pairs are strongly dependent on both cation and anion contributions, it is intuitive to 
understand that through the anionic contribution long-range interactions are possible. In the 
context of phase-change materials Wuttig et al. are even proposing a new bonding type; so-called 
metavalent bonding141, which is however under debate142. The presence of direct interactions 
between the lone pair ions are the consequence of the anti-bonding nature at the VBMs143. Hence, 
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in the real structures electrons will “reshuffle” from anti-bonding lone pairs into bonding cation-
cation interactions4. This type of bonding is similar to Peierls distortions found for group 15 
elements, which are a consequence of an electron deficit. Only by assumption of resonance or 
delocalization, these types of interactions can be explained properly and thus are intrinsically of 
a long-range character144. The van der Waals bonding is in contrast described by local dipole 
interactions. True van der Waals materials are hence only present if no such range is observed 
and the two layers are dielectrically and structurally screened from each other. The exact nature 
of stacking faults may therefore reveal information about the type of interlayer bonding present 
in layered materials and have shown to be highly important for technologically important 
applications, such as phase-change materials140. 
1.5.3. Octahedral distortions 
In the following paragraphs, ferroelectricity in ATiO3 titanates will be illuminated as a 
consequence of local distortions. Here, similar to stacking faults, lone pairs and their respective 
bonding nature are of decisive influence for the observed phenomena.  
As early as 1935 ferroelectric behavior had been observed in the low temperature phase of 
KH2PO4 (KDP)145. Only after the discovery of ferroelectricity in the perovskite-type titanate 
BaTiO3146 the development of macroscopic dipole moments was accepted as a more common 
phenomenon. Öpik and Pryce147 first described dipole moments as a consequence of 
(pseudo-) Jahn-Teller distortion of octahedra. Bersuker then applied this explanation to 
ferroelectric distortions in titanates148, 149. Ever since chemists and physicists have tried to 
understand the physics behind this curious and rather unlikely150 manifestation of structural 
instability. 
Titanates have been synthesized in a plethora of stoichiometries, e.g. the layered compounds 
BaTi4O944 and Na2Ti6O1345 (see discussion about 2D structures). The technologically most relevant 
titanates are, however, of ATiO3 or related composition (Figure 1.9). In 1926 Goldschmidt151 
determined a tolerance factor (t) for materials of stoichiometry ABX3 to estimate which structure-
type they would obtain, see formula (4): 
    
𝑅A+𝑅x
√2 (𝑅B+𝑅x)
= 𝑡       (4) 
with R being the radius of the cations A and B, and the anion X, respectively.  
For t ranging between 0.8 and 1.0 the structure crystallizes in the perovskite-type structure, 
below 0.8 it will crystallize in the ilmenite-type and above 1.0 in the calcite-type structure. Hence, 
relatively big A-site cations will likely result in the (distorted) perovskite-type (e.g. BaTiO3, 
PbTiO3), while smaller A-site cations will crystallize in the ilmenite-type (e.g. FeTiO3, CoTiO3).  
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Figure 1.9. Structural family of compounds with ABO3 stoichiometry, with different Goldschmidt tolerance 
factors, ranging from Bixbyite (0.7 < t < 0.75) to perovskite-type structures (0.75 < t <1). (Copyright © The 
Royal Society of Chemistry 2015). 
An overview of the relationship between the two major structure types for titanates has been 
given by Navrotsky152, highlighting that ilmenite-type and perovskite-type structures are 
interlinked through a LiNbO3-type structure (as shown in Figure 1.10) and can be interpreted as 
ordered variants of corundum (α-Al2O3). The individual layers of edge-sharing AO6- and 
BO6-octahedra transform into intermixed layers of (A,B)O6-octahedra upon transition from 
ilmenite-type to LiNbO3-type.  
 
Figure 1.10. Occupation of close packed oxygen octahedra occupied by either A-site cation (white), B-site 
cation (black) or no cation (empty) in ilmenite-, LiNbO3- and perovskite-type structures. Arrows indicate 
the rearrangement required for the transition of edge-sharing BO6 octahedra in LiNbO3 to corner-sharing 
in perovskite-type structures by octahedral rotations. 
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One implication of this phase transition is the change from a centrosymmetric (R3̅) to one of the 
non-centrosymmetric (R3c) space groups without inversion symmetry. These space groups 
“allow” for the manifestation of a dipole moment within a unit cell. If this dipole moment changes 
in an external electric field, ferroelectric behavior is observed.  
It remains out of scope of this introduction to give a complete overview of the current state of 
discussion about the origins of ferroelectricity. Here, we will therefore stick to the two major lone-
pair related mechanisms153 and explain them for titanates in perovskite-type structures. 
The first mechanism (Figure 1.11) is of displacive type: the Ti-atom moves to an off-center 
position in all unit cells simultaneously upon reaching the phase transition. The displacement 
direction from the off-center position will define whether the distortion is tetragonal, 
orthorhombic or rhombohedral. The sudden change in the atomic position is accompanied by the 
development of soft phonons in (many) perovskite-type titanates. These phonons (their point 
groups) foreshadow the symmetry of the distortion and freeze at the point of the phase transition.  
 
Figure 1.11. Comparison of the two major mechanisms used for explanation of ferroelectricity in 
perovskite-type structures. a) Displacive picture, with central atom moving into certain crystallographic 
directions inducing either tetragonal, orthorhombic or rhombohedral distortions. b) Order-disorder type 
picture showing eight sites occupied with different probabilities as indicated by shades of grey, distortions 
are induced if certain positions are occupied with higher (black) probability than others (white). 
(Copyright © Journal of the American Ceramic Society 2011). 
The “competing” mechanism (Figure 1.11) is of order-disorder type: the Ti-atom follows a 
statistical distribution on eight different positions within the octahedron such that each unit cell 
is distorted individually. If the point of phase transition is reached certain positions are occupied 
predominantly inducing a macroscopic dipole moment. Both mechanisms can be considered as 
extrema never really occurring exclusively in reality. 
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With the discovery of PbTiO3 and the advancement to Pb(Ti,Zr)O33 (PZT) lone pairs were 
discovered as a potent design parameter154, 155 for inducing non-centrosymmetric distortions. 
Especially the higher transition temperature as well as the bigger dipole moment were desired 
properties correlating with the introduction of the lone pair cation. The intuitive advantage of lone 
pairs is the inherently non-centrosymmetric environment around the respective cation156. Only 
few examples were reported in which lone pair cations do not induce the desired distortion157, 158.  
The exact role of lone pairs is still a matter of discussion. Following the chemical intuition, B-site 
driven non-centrosymmetry is said to be the reason for ferroelectricity. However, the actual 
reason for the structural instability is still under debate. Schütz et al.159 have shown that covalency 
and thus directional bonding of the lone pair cation may induce instabilities and also Benedek and 
Fennie150 argue that the A-site bonding situation heavily influences the phonon modes enabling 
ferroelectricity.  
One major goal of current research is the establishment of lead-free alternatives160-164 to PZT. 
LiNbO3-type structures are one way of realizing lead-free ferroelectrics. With the perspective of 
thin film applications also 2D materials such as NbOCl2165 or Dion-Jacobson phases have been 
shown to be potentially viable166. Other suitable approaches include the use of the less toxic 
Sn2+167, 168 and Bi3+ lone pair cations. Bi3+ is often combined with a monovalent alkali metal to make 
perovskite-type structures like (Bi,Na)TiO3159 or (Bi,K)TiO3 accessible. Through introduction of 
magnetically active B-site cations (BiFeO3169 or BiMnO3170), additional coupling of electric and 
magnetic phenomena (multiferroicity171) could be realized. Regardless the efforts, none of the 
developed structures reach the high dipole moment of PZT, or combines promising lone pair 
induced non-centrosymmetry and processability of 2D materials.  
1.5.4. Lone pairs under pressure 
Ferroelectric phase transitions are usually discussed in the context of temperature. Another 
parameter, which may strongly influence the bonding and symmetry behavior in solids, is 
pressure. High pressure can be applied through diamond anvil cells (DACs)172 amongst others. In 
DACs, two diamonds sandwich the single or polycrystalline sample (Figure 1.12), which is held in 
place by a metal gasket (W, Re), filled with pressure-medium (Ne, Ar, liquids or salts). In general, 
the pressure is checked via the red shift of luminescence of a ruby crystal173, placed into the cavity 
beside the sample. 
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Figure 1.12. Scheme of a diamond anvil cell of the Boehler-Almax type. WC cones for pressure transduction, 
diamonds sandwiching a sample chamber filled with pressure medium and ruby crystal for pressure 
determination, held in place by a metal gasket. 
At least three basic principles of high-pressure chemistry have been established over the past 
decades174: the pressure-distance paradox, describing the unintuitive fact of increasing atom 
distances under pressure; the pressure-homologue rule, stating that the high-pressure structures 
from elements of low atomic number obtain the same structures as ambient pressure structures 
from elements of higher atomic number from the same group; and the pressure-coordination rule. 
The transition from ilmenite- to perovskite-type structures under pressure is an illustrative 
example for the latter pressure-coordination rule, as the A-site cation will change from 6-fold 
coordination in ilmenite-type to 12-fold coordination in ideal perovskite-type structures upon the 
phase transition. However, this coordination is usually lower due to octahedral distortions, 
rendering it a 10+2- or 8+4-fold coordination. Perovskite-type structures obtained by high-
pressure approaches may not be stable at ambient conditions. ZnTiO3175-177 and others178, 179 are 
quenched to a LiNbO3-type (also non-centrosymmetric) crystal structure. However, in cases of 
tolerance factors higher than approximately 0.8 either amorphization or stabilization of the 
perovskite has been observed180.  
In case of lone pairs additional difficulties in high-pressure experiments are reported. For example 
perovskite-type compounds with lone pairs have shown smaller enthalpies of formation181, 
compared to the expected enthalpies at this tolerance factor. This means that the lone pair 
containing perovskite is less stable than a perovskite with the same tolerance factor, but without 
lone pair cation. Most probably, the additional pressure (energy) required to suppress the steric 
effect is leading to this deviation. Lone pair compounds often are extremely soft and show bulk 
moduli as low as 23 GPa (litharge-type PbO). As we have seen before, lone pair materials 
commonly form (pseudo-)2D crystal structures. Upon application of pressure these tend to 
compress anisotropically, often concurrent with second-order isostructural phase transitions. 
Change of hybridizations and also stereochemical activity of the lone pair can then induce 
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semiconductor-to-(semi)metal transitions182, 183, called Lifshitz transitions184 or electronic 
topological phase transitions (ETT)185. Stereochemical activity, however, does not always change 
upon application of pressure186 and ferroelectricity might even re-appear at extreme pressures187 
making the outcome of an experiment highly unpredictable. 
 Objectives 
Bearing in mind the energy sector as well as the IT industry, two of the futures most relevant fields 
are heavily depending on the deep and detailed understanding of semiconductors. The aim of this 
work is the establishment of a new platform, allowing for an in-depth investigation of the role of 
lone pairs regarding the electronic and crystallographic structure. Especially, lone pair induced 
structure-property relationships relevant for the above-mentioned applications are elucidated. 
Many lead and bismuth-based lone pair compounds have been synthesized, but the comparably 
low stability of Sn(II) with regard to its oxidized counterpart Sn(IV) make Sn related 
semiconductors relatively scarce. Hence in Chapter 2, first the synthesis of a new Sn(II) titanate is 
presented. Herein, special focus is given on the impact of structural disorder induced by the 
anisotropic lone pair cations, comprising both the local octahedral and the long-range stacking 
regime. 
Pressure is a parameter allowing for specific alteration of chemically relevant aspects such as 
atomic distances. By correlation of this parameter with changes in both electronic and 
crystallographic structure, pressure offers the chance to extract true structure-property-
relationships. In Chapter 3 the phase space is scanned by DFT calculations around the ilmenite-
type derived SnTiO3 and analyzed on a theoretical basis with regards to potential ferroelectricity. 
Chapter 4 shows the results for high-pressure experiments in diamond anvil cells; adding to the 
understanding of lone pairs in the high-pressure regime, including identification of second-order, 
electronic phase transitions and a short discussion of the potential high pressure phase transition 
to perovskite-like structures. 
Chapter 5 of this work targets the complicated process of photocatalytic water splitting with its 
requirements regarding electron excitation, charge diffusion and charge transfer and the role of 
lone pairs therewith. While the lone pair brings about many advantages, such as very low hole 
effective masses, it also induces very low ionization potentials, leading to surface oxidation and 
the anti-bonding VBM favors bulk oxidation, both hampering catalytic activity.  
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Abstract  
SnTiO3 was successfully synthesized for the first time in bulk form by soft chemistry. STEM and Rietveld 
refinement show that SnTiO3 adopts a structure similar to the archetypical ilmenite-type structure, forming 
a honeycomb lattice of edge-sharing TiO6-octahedra, which are decorated with Sn2+. Given the formation of 
a van der Waals gap between the individual layers and hence close energetic minima of different stacking 
types, SnTiO3 forms multiple stacking orders and twinning domains that we describe by systematic DIFFaX-
simulations. The structure is governed by the tin lone pairs, which influence the stacking of the layers as 
well as local distortions observed by EELS and NMR potentially leading to a wide range of applications. 
2.1. Introduction 
Titanates have proven to be one of the most diverse classes of materials, with applications ranging 
from ferroelectrics and photocatalysis1 to thermoelectrics2-3 and batteries4. Oxidic titanates with 
ABX3 stoichiometry, where B is Ti4+ (d0) and A is a metal of +II oxidation state, can further be 
classified according to the Goldschmidt tolerance factor into either hexagonal ilmenite-type or 
cubic perovskite-type structures5. If A is a post-transition metal with ns2 electron configuration, 
the effect of lone pairs may have interesting implications for their structure and properties6-7. In 
recent years, such lone pair materials have received increased attention, especially since hybrid 
perovskites8 and related structures9 have proven to be potent photovoltaic materials and show 
promising optoelectronic properties. 
One famous example is Pb(Zr,Ti)O3 (PZT)10, the technologically most relevant piezoelectric. The 
6s2-orbital induces a tetragonal distortion11 between 230 and 500 °C depending on the Zr content. 
This principle has been successfully applied to other ferroelectric materials, such as the 
multiferroic BiFeO37, but the exact role of the lone pairs remains a matter of scientific debate12.  
Lead-based compounds have negative consequences for both environment and health13. 
Therefore, the scientific community has actively been searching for suitable nontoxic alternatives. 
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The most promising candidates have been BaTiO3, (Na,Bi)TiO3 and (Na,K)NbO3, neither of which 
has come close to the piezoelectric coefficient d33 of PZT14-16. SnTiO3, however, has been predicted 
to have a polarization of up to 1.1 C m-2 in the tetragonal perovskite modification17-18. Sparked by 
this forecast, a plethora of theoretical papers has discussed the physical properties of the 
hypothetical SnTiO3 perovskite19-24. Despite all such efforts, the synthesis of this "simple" bulk 
SnTiO3 has remained unsuccessful until today. Notably, while Taib et al. predicted the perovskite22 
to be the most stable modification, Hautier et al. predicted the ilmenite-type SnTiO3 to be more 
stable25.  
Sn2TiO4 is the only known tin titanate26-28, which has recently been proposed as a photocatalytic 
material for hydrogen evolution, while other titanates containing Sn2+ were either doped TiO229, 
doped layered potassium titanates30 or doped SrTiO331,32. SnTiO3 has been realized as an epitaxial 
thin film on SrTiO3 and the structure was proposed to be of ilmenite-type (FeTiO3, R3̅), yet this 
proposition was based on hexagonal SAED patterns only33. Following up very recently, Chang et 
al. reported a ferroelectrically responsive thin film with SnTiOx stoichiometry34 35. Generally, 
oxides featuring Sn2+ are barely amenable to solid-state synthesis due to their low 
disproportionation temperature of about 350 °C. Besides the binary oxides – red SnO36, black SnO, 
as well as some mixed-valence oxides such as Sn2O3, Sn3O4 etc37 – only few nondoped ternary Sn2+ 
oxides are known, including SnNb2O6, Sn2Nb2O738, SnWO639, SnTa2O6 and Sn2Ta2O640-41. 
2.2. Experimental Procedure 
As pointed out above, it is experimentally challenging to avoid the disproportionation of Sn2+ into 
Sn0 and Sn4+. In order to bypass this scenario, a layered potassium titanate precursor was 
synthesized to enable a low-temperature ion exchange reaction of potassium by tin28. First, a 
mixture of K2CO3 and TiO2-nanoparticles (P25) was heated up to 600 °C in air for 12 h. 
 




Figure 2.1. a) Photograph of red SnTiO3 powder, b) Scanning electron micrograph of the material, showing 
its hexagonal, layered morphology (scale bar 200 nm). c) Dark field STEM with crystal structure as inset 
(scale bar 2 nm). Note the atomic columns of smaller intensity indicating the presence of differing 
Ti-positions (inset with enhanced contrast). d) Stacking faults with respective stacking vectors (scale bar 
3 nm). 
Then, the formed layered potassium titanate precursor K2Ti2O5 was ground together with 
SnCl2 ∙ 2 H2O until a lemon yellow powder formed, similar to observations made by Kudo et al.30 
This powder was transferred into an ampule and dehydrated in two steps: 2.5 h at 130 °C and 
then another 2.5 h at 200 °C under dynamic vacuum. Eventually the powder was annealed at 300 
°C for 24 hours under static vacuum until SnTiO3 formed. For removal of KCl the obtained SnTiO3 
powder was washed twice with H2O and once with ethanol; a homogeneous powder of red color 
was obtained (Figure 2.1a). SEM images show that the powder consists of small platelets of several 
hundreds of nanometers in lateral and few tens of nanometers in axial direction (Figure 2.1b). 
STEM revealed a layer-type structure, confirming the macroscopic platelet morphology 
(Figure 2.1d). It is apparent that the structure is heavily stacking faulted (as indicated by the two 
stacking vectors S1 (blue) and S2 (pink)) and shows no type of regular superstructure ordering. 
2.3. Structural Characterization 
An initial structural model of SnTiO3 was derived from the observations made by Fix et al.33 
According to this model, SnTiO3 is expected to crystallize in an ilmenite-type structure that exhibit 
Ti6O12O12/212- honeycombs. Because of the heavily stacking faulted nature (STEM in 
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Figure 2.1 a and b), indexing attempts using ilmenite derived symmetry and also an iterative use 
of singular value decomposition for indexing (LSI-indexing) the XRPD pattern42 was not possible. 
Other stacking faulted diffraction patterns had successfully been modeled by the superposition of 
differently stacked hypothetical polytypes43-45; thus, analogous structural considerations were 
carried out for SnTiO3. In total, five distinct polytypes, representing five different stacking orders, 
were considered (Table 2.1). 
Table 2.1. Refined lattice parameters of all five polytypes of SnTiO3, representing distinct stacking orders 
at ambient conditions. The layer position is indicated by a capital Latin letter.  
aR-F² and R-wp given as defined in TOPAS46 
It was assumed that a change in the stacking order of the SnTiO3-layers causes neither a variation 
of the layer constitution nor a deviation from the basic trigonal layer symmetry, as further 
supported by EELS and DFT (Figure 2.4). Rietveld refinement of SnTiO3 was carried out with the 
program TOPAS 6.046. SnO2 and K2Ti8O17 occur as minor impurity phases and were included in the 
refinement (Figure 2.3, orange and blue reflection positions). Accordingly, the five hypothetical 
polytypes were created in a pseudotrigonal cell in space group P1 and with constrained lattice 
parameters, which were determined by a LeBail-Fit47 with peak profiles being modeled by the 
fundamental parameter approach48. The refined atomic coordinates of one individual layer are 
Polytype ABC-type AB-type ACB-type ABCB-type ABCACB-type 
Space Group R3̅ P3̅ R3̅ P3̅ P3̅ 
a/ Å 5.0750(2) 5.0750(2) 5.0750(2) 5.0750(2) 5.0750(2) 
b/ Å 5.0750(2) 5.0750(2) 5.0750(2) 5.0750(2) 5.0750(2) 
c/ Å 3 · 6.8961(3) 2 · 6.8961(3) 3 · 6.8961(3) 4 · 6.8961(3) 6 · 6.8961(3) 
α/ ° 90 90 90 90 90 
β/ ° 90 90 90 90 90 
γ/ ° 120 120 120 120 120 
V/ Å³ 3 · 153.82(2) 2 · 153.82(2) 3 · 153.82(2) 4 · 153.82(2) 6 · 153.82(2) 









R-wp/ %a 10.54 
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presented in Table 2.2, and the result of the final associated Rietveld refinement49 is shown in 
Figure 2.3.  
Table 2.2. Refined atomic coordinates of a layer in the crystal structure of SnTiO3 at ambient conditions. 
site xa ya za,b site xa ya za,b 
Ti(1) 0 0 0.0014(26) Ti(2) ⅔ ⅓ – 0.010(28) 
Sn(1) ⅓ ⅔ – 0.320(2) Sn(2) ⅓ ⅔ 0.322(2) 
O(1a) ⅓ 0 0.160(12) O(2a) ⅓ ⅓ – 0.140(10) 
O(1b) 0 ⅓ 0.160(12) O(2b) ⅔ 0 – 0.140(10) 
O(1c) ⅔ ⅔ 0.160(12) O(2c) 0 ⅔ – 0.140(10) 
 
a For creation of stacking types, the layers have to be added by using the stacking vectors given in eq. 2 (SI).  
b The z-coordinates are given for a unit cell containing one layer, i.e. c = 6.8961(3) Å, for the creation of 
different stacking patterns, they must be divided by the total number of layers in the cell. 
The crystal structure of SnTiO3 consists of layers of edge-sharing TiO6-octahedra perpendicular to 
the c-axis. Within the layers ⅓ of the Ti-sites are vacant, which results in a honeycomb like lattice 
(Figure 2.2a) and is consistent with other ilmenite-type oxides50-51. In contrast to “3D ilmenites”, 
however, Sn2+ ions are positioned directly above and below a Ti-vacancy, forming two layers52 
that are separated by a van der Waals gap (Figure 2.2a).  
In addition, in the crystal structure of SnTiO3, the Sn2+ ions exhibit a tetrahedral coordination 
sphere with the electron lone pair situated at an apical position, which contrasts with the 
octahedral coordination of the A-site cations in ordinary ilmenite-type structures. The subsequent 
layer is positioned such that the distance between the lone pair of Sn2+ and the O2--sites at the 
bottom of the subsequent layer is maximized, as depicted by plots of the electron localization 
function (ELF). The induced van der Waals gap is also manifesting in an elongated c-axis compared 
to ilmenite-type structures (i.e., c = 14.0855 Å in FeTiO351, compared to c = 3 · 6.8961 Å in SnTiO3). 
The Ti4+ ions exhibit an octahedral coordination sphere and the atomic distances indicate a 
trigonal distortion (Table S A.3). We note that although the refined Ti-O distances are equal within 
the estimated standard deviations (ESDs), they still indicate a slight tendency for acentric 
symmetry. When taking a closer look at the HR-STEM image from the inset in Figure 2.1c, the 
titanium positions vary indeed, also explaining the relatively high ESD from Rietveld refinement. 
The nature of the TiO6-octahedra will be further discussed below.  
 




Figure 2.2. a) Crystal structure and packing diagrams of the layers in the crystal structure of SnTiO3. The 
positions of Ti4+ are indicated by small Greek letters, the positions of Sn2+ by bold small Greek letters, and 
the positions of O2- by small Latin letters. The position of a whole layer is indicated by capital Latin letters. 
b) Coordination spheres of Ti4+ and Sn2+ in the crystal structure of SnTiO3. c) ELF (isosurface at 0.85) 
showing the attractors of the Ti-O bonds and O lone pairs, and d) ELF (isosurface at 0.6) showing the 
structure directing lone pair of Sn2+ between the layers. 
As mentioned above, the stacking order of the layers in SnTiO3 is determined by the positions of 
the Sn2+ ions, in particular by their electron lone pairs, such that one of the Ti4+-ions of layer i+1 
must be situated exactly above the Sn2+-site of the preceding layer i. According to the honeycomb 
structural motif six stacking vectors are theoretically possible; however, because of the trigonal 
symmetry of the honeycomb, only two of them are nonsymmetry-equivalent: stacking in ⅔x- and 
⅓y-direction, S1, and stacking in reverse direction: ⅓x and ⅔y, S2. In an ilmenite-type structure, 
only stacking vectors in one direction (either S1 or S2) are present. Therefore, the overall stacking 
order reduces to ABC (or ACB). As seen above, this is not true for SnTiO3. Here only a multiphase 
approach using both stacking vectors describes the diffraction pattern satisfactorily. Because of 
the derivation from the ideal ilmenite-type structure, a transition from stacking vector S1 to S2 
can be considered as stacking fault.  
 




Figure 2.3. a) Final Rietveld refinement of the crystal structure of SnTiO3 employing different polytypes in 
order to represent coherently scattering domains that exhibit different stacking orders. The region above 
30° 2θ is enlarged for clarity (insert). b) Comparison of simulated XRPD patterns with different stacking 
orders of SnTiO3 with the measured XRPD pattern. 
To better understand the nature of the stacking faults, systematic studies using the DIFFaX-
program53 were carried out. The XRPD patterns of the basic stacking types ABC- (Figure 2.3b, 
black pattern), ACB- (orange pattern), and AB-type (green pattern) were simulated and compared 
to the measured XRPD pattern (blue line) of SnTiO3. Apparently, the measured pattern exhibits 
more reflections than each individual basic stacking type. A superposition of the three basic 
stacking types, however, exhibits close similarity to the measured pattern and especially to the 
characteristic “triplets” around 12.5°, 21° and 26° 2θ. The “outer” two reflections (104) and (015) 
correlate with ABC/ACB-type stacking (S1 or S2 only) while the “central” reflection (103) 
correlates with AB-type stacking (S1 and S2), respectively. It should be noted that differentiation 
between ABC- and ACB-type stacking from the XRPD-pattern is very difficult as the simulated 
XRPD-patterns (Figure 2.3b black and orange pattern) exhibit the same number of reflections at 
identical positions and only differing in certain reflection intensities. We conclude that in the 
microstructure of SnTiO3 coherently scattering domains of each of these stacking types are 
present.  
With further DIFFaX-simulations it becomes apparent that occasional AB-type stacking defects do 
not completely describe faulting (Figure S A.5). Given the very small coherently scattering domain, 
the central reflection would have a rather broad profile, which is not observed in the powder 
pattern. Only by additional consideration of twinning ranges larger than zero and the respective 
stacking types (ABCB and ABCACB) the sharp reflection profile is reproduced. The measured 
XRPD pattern of SnTiO3 is satisfactorily described (Rw = 10.54 %) by the multiphase approach. The 
largest difference between calculated and measured pattern is observed for the 110 reflection 
(≈ 16 ° 2θ), which indicates that modeling of the twinning domain size by separate phases is not 
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completely sufficient. An extension of the approach towards even more phases, however, would 
lead to an overparametrization of the refinement.  
To further elucidate the stacking fault nature of the structure, DFT calculations on the relative 
stabilities of the different stacking polytypes were performed: (1) ABC/ACB-type, (2) AB-type, (3) 
ABCB-type and (4) ABCACB-type. Irrespective of the applied exchange correlation functional 
(LDA, GGA, HSE06), all applied structural models differ by less than 0.14 kJ mol-1 (LDA; PBE: 0.06 
kJ mol-1; HSE06: 0.01 kJ mol-1). These strikingly close energetic minima corroborate that at finite 
temperatures all stacking motifs will be present. The obtained volume per formula unit with the 
HSE06 hybrid functional (VFU) of ~77.5 Å³ is in very good agreement with 76.9 Å³ from the 
Rietveld refinement. The increase of VFU from ~53 Å³ in ordinary ilmenite-type structures (e.g., 
FeTiO3) to the lone pair containing SnTiO3 is reminiscent of the increase observed from ~ 57 Å³ 
in SrTiO3 to 63 Å³ in PbTiO3. However, the significantly smaller increase in the latter testifies to 
the fact that the lone pair in perovskite-type PbTiO3 is confined in the cuboctahedral voids, while 
the lone pairs in SnTiO3 form van der Waals gaps54 and hence can occupy more space (see also 
ELF in Figure 2.2). 
 
Figure 2.4. a) EELS spectra of the Ti L2,3 edge for different titanates, b) 21.1 T high field ss-NMR of 47,49Ti 
under static solid-echo (black) and QCPMG (blue) conditions with corresponding fit (red), assuming two 
central transitions with 2nd order quadrupolar interactions. 
The local symmetry of the TiO6 octahedra was further analyzed by means of EELS and solid-state 
NMR. The white lines of the Ti-L2,3 edge are split to form two doublets, which is caused by energetic 
splitting of t2g- and eg-orbitals. This splitting is characteristic for octahedral crystal fields,55 thus 
confirming TiO6-octahedra as the major structural motif. Specifically, the eg-level in EELS (at 
~ 460 eV) is known to be sensitive towards tetragonal distortions in PbTiO3 56 (Figure 2.4). In 
contrast, trigonal distortions as in corundum-type Ti2O357 and other ilmenite-type materials58 do 
not have an effect on the eg-level. As there is no peak splitting observable for SnTiO3, it can be 
concluded that potential distortions of the TiO6-octahedra are constrained to D3d symmetry. 
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Consequently, it is reasonable to only refine the z-coordinates of the atomic sites, as done in the 
Rietveld refinement. 
Detailed analysis of the Ti-L2,3 edge of different titanates yields varying crystal field splittings 
(CFS) between 1.9 and 2.5 eV (Table S A.6). The CFS was measured at the P3/2 level due to the 
reduced eg-splitting. Interestingly, the presence of a lone pair in the structures causes a drastically 
reduced CFS in perovskite-type structures from 2.36 eV in SrTiO3 to 1.91 eV in PbTiO3, while it 
increases in ilmenite-type structures from about 2.06 eV in FeTiO3 to 2.27 eV in SnTiO3. At the 
same time the eg-peak intensity decreases and the eg-peak fwhm increases similarly for both 
structure typse due to the presence of a lone pair in the structure59. The peak broadening has been 
explained by differing hybridizations of the involved orbitals and consequently differing 
transition probabilities60. High-field solid state-NMR spectroscopy confirms the distortion of the 
TiO6-octahedra (Figure 2.4 and Table S A.8). The obtained quadrupole constant CQ of SnTiO3 is 
7.29 MHz, which suggests that a local distortion at the Ti site is at play. In contrast, other 
compounds with the ideal ilmenite-type structure such as CdTiO3 or ZnTiO3 (Figure S A.8 and 
Table S A.8) show even larger CQs with some exceeding 15 MHz. It is thus surprising that in 
contrast to the strong increase observed from undistorted perovskite-type SrTiO3 to distorted 
perovskite-type PbTiO361-62 the effect of the lone pair is reversed in SnTiO3, as has also been seen 
in CFS from EELS. Since the Electric Field Gradient (EFG) is indirectly a function of the cell volume, 
a strong increase of the VFU from FeTiO3 to SnTiO3 could potentially level the effect of the lone pair. 
A still relatively high value of the experimental CQ together with the ηQ = 0.0 suggest an axially 
symmetric distortion along the rotational axis higher than C2. Periodic structure DFT calculations, 
based on the undistorted structure model presented above, suggest values of about 6.04 MHz for 
CQ. While the calculated value is smaller than the experimental one by about 20%, the agreement 
here is much better than for other models, such as the unexpanded ilmenite-type structure. The 
discrepancy should be connected to effects induced by the stacking faults as well as the large 
variation in the Ti-position within its octahedron, see Fig. 2.1c. Note, however, that even at the 
very high field of 21.1 T, it was not possible to discriminate between different Ti sites.  
2.4. Summary 
Bulk SnTiO3 was synthesized for the first time by a metathesis reaction between the layered 
K2Ti2O5 and hydrated SnCl2 using a soft chemistry protocol at < 350 °C. The bulk structure of 
SnTiO3 was determined by a combination of XRPD, STEM/EELS, and solid-state NMR. Layers of 
honeycombs consisting of edge-sharing TiO6-octahedra that are decorated with Sn2+ ions are the 
main structural motif in SnTiO3. This arrangement gives rise to an “expanded” ilmenite-derived 
structure featuring van der Waals gaps due to the stereochemically active lone pairs of Sn2+, which 
likewise directs the stacking order of the layers. Stacking faults in the form of coherently 
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scattering domains with different stacking orders are apparent in the crystal structure and were 
confirmed by STEM imaging. The microstructure of SnTiO3 was successfully modelled by a 
multiphase approach using different phases for each basic stacking order and twinning domains 
that were derived from structural considerations. Systematic DIFFaX-simulations confirm the 
result of the multiphase approach. DFT and ELF calculations support the lone pairs as structure-
directing motif as well as the stacking fault nature of the material. EELS spectra of the Ti-L2,3 edge 
confirm the octahedral environment and restrict potential distortions to trigonal symmetry. Solid-
state NMR confirms the trigonal distortion. In perspective, SnTiO3 presents an interesting test-bed 
to study lone pair induced structural distortions, which may be relevant in such diverse 
applications as ferroelectrics, photocatalysis, and beyond. 
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Abstract  
Driven by the recent successful synthesis and characterization of bulk SnTiO3, its energy landscape was 
studied by means of density functional theory, applying different exchange-correlation and hybrid 
functionals. Both a data mining and global exploration approach identified experimentally accessible 
structure candidates with composition ABO3. Besides the common octahedral coordination of Ti, 
interestingly, 4- and 5-fold coordination spheres emerged to be reasonable structural motifs. Among the 
predicted high-pressure modifications, the tetragonal perovskite structure turned out to be stable at 
pressures between 8 and 12 GPa. The paraelectric-to-ferroelectric phase transition of the tetragonal 
perovskite structure was investigated by modelling the phonon spectra and soft mode behavior. In spite of 
substantially long wavelength transverse optical mode softening, the predicted high c/a-ratio in 
tetragonal perovskite SnTiO3 inhibits the formation of a spontaneous reversible polarization. 
3.1. Introduction 
Recently, we reported about the first successful synthesis and structural characterization of bulk 
SnTiO31. The structure can be understood as a heavily stacking faulted variant of an expanded 
ilmenite-type structure, which was proven by high resolution transmission electron microscopy 
(TEM) and X-ray powder diffraction (XRPD) investigations. The α-TlSbO3-type accounts for this 
expansion, yet also does not fully describe the crystal structure of SnTiO3. Common to both 
structure types is the main structural motif of honeycomb layers of edge-sharing TiO6 octahedra 
that are decorated with Sn2+ cations. In order to understand the similarity between α-TlSbO3 
(space group P3̅1c) and SnTiO3 (space group R3̅) it is helpful to observe the hexagonal definition 
of the latter space group (SG). Both structures are of (pseudo-)layered character, P3̅1c being a 
double and R3̅ being a triple layer cell. The lone pair of both Tl and Sn in α -TlSbO3 and SnTiO3 
leads to an expansion into the stacking direction, which can be rationalized by the 
stereochemical activity of the lone pair electrons and differentiates them from the actual 
ilmenite structure-type. To stay in accordance with the nomenclature of the introduced 
perovskite-type derived structures, we also use the [FeTiO3] notation were applicable, but add 
an “e” to explicitly emphasize were we mean the expanded ilmenite structure-type in this text. 
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The weak out-of-plane interaction in SnTiO3 induces stacking faults. To account for these faults, 
SnTiO3 was described using five different polytype models that also are energetically quasi-
identical1 as obtained by density functional theory (DFT).  
Whether the ilmenite-type derived modification is metastable or thermodynamically favored 
had been discussed controversially by Nakhmanson et al. and Hautier et al. According to 
Nakhmanson2, the tetragonal perovskite structure with SG P4mm is the ground state for SnTiO3, 
whereas Hautier3 predicted the ilmenite-type to be the thermodynamically stable form. It is 
however the perovskite-type structure of SnTiO3 that is intensively discussed as a promising 
lead-free ferroelectric material among the solid state and materials science community, whereas 
centrosymmetric SnTiO3 is not expected to show polar distortions4-13.  
Experimental work by Fix et al.14 has shown that also thin films of SnTiO3 show a characteristic 
hexagonal diffraction pattern of the ilmenite-type structure. The lattice parameters of the thin 
film material show a distortion (a ≠ b) due to substrate induced strain. The c-axis was 
determined to be 14.56 Å, which is 2/3 of our findings1. Despite the structural distortion, no 
ferroelectricity was observed. Based on weak reflections in XRPD reciprocal space maps they 
further speculated about minor amounts of tetragonal perovskite SnTiO3 present in the films. 
Scott et al.15 even reported relaxor ferroelectricity in SnTiO3 films grown on Si substrates by 
atomic layer deposition. They claimed several crystallite orientations of perovskite-like 
structures with different c/a- and a/b-ratios. The provided structural XRPD characterization is, 
however, rudimentary. The quality of the presented powder pattern does not allow for any 
conclusions concerning the crystal structure. Indeed, Scott et al. revised their claim to have 
prepared perovskite-like SnTiO3 in a recent report16. They disclose to have drawn erroneous 
conclusions from both XRPD and ferroelectric measurements. 
The most prominent ferroelectrics17 are Pb(Ti,Zr)O3, and variants of BaTiO3 among the large 
family of perovskite materials18. Besides perovskites, also the LiNbO3-type structures exhibit 
high piezoelectric coefficients. Due to the center of inversion, compounds that crystallize in an 
ilmenite-type structure have to be excluded as candidate ferroelectrics. However, ABX3 ilmenite-
type titanates can be transformed into perovskite-type structures by applying high pressure, as 
has been demonstrated for (Mg,Fe)TiO319, ZnTiO320-21, and for CdTiO3, the latter showing a 
ferroeletric phase transition at only around 2 GPa and 600 °C22. The phase transition to 
perovskite-type structures was observed in germanates, stannates (CdSnO3), silicates and even 
vanadates (MnVO3)23-26. In many cases, these phase transitions cannot be stabilized at room 
temperature, where then the LiNbO3-type phase is obtained instead27. To rationalize the 
observed effects under pressure the Goldschmidt tolerance factor has been frequently used. This 
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method is, however, inconclusive since it requires the knowledge of exact ionic radii, which in 
the case of Sn2+ are unreliable.  
Lone pairs may induce, besides ferroelectricity, novel electronic properties under high pressure. 
For example, disproportionation in PbCrO3 leads to an insulator-to-metal transition28. Generally, 
lone pair containing materials have been shown to have interesting anisotropic phase 
transitions29-30. 
In this work SnTiO3 was modeled in more than 40 ABX3 structure types at the ab initio level to 
explore its energy landscape in order to identify experimentally accessible ferroelectric 
modifications. Suitable structure candidates were chosen by data mining and a global search 
algorithm. We predict two high-pressure modifications by equation of state calculations. Phonon 
spectra for the predicted structures are calculated in order to check for their dynamical stability. 
Electronic and mechanical properties as well as viable paraelectric-to-ferroelectric phase 
transitions of the most promising candidates were further investigated. 
3.2. Methodology 
Structure optimization and total energy comparison for five different polytypes derived from the 
ilmenite-type structure have already been performed in our previous work1. The different 
stacking variants as used for the structure determination from powder diffraction all exhibit 
very similar volumes per formula unit and differ in energy by max. 0.14 kJ mol-1 depending on 
the functional used for the modeling. These results are also employed in this work. 
By data mining of (all) ABX3 structures from the inorganic crystal structure database (ICSD) 
much of the energy landscape can be covered. To go beyond these known structure types, a 
global search routine based on empirical potentials for all sorts of atoms was applied. In order to 
obtain reliable results for Sn(II) it was required to use a dumbbell-like or puckered potential, 
which had already been successfully employed in the prediction of Sn(II) compounds31. The 
results from the data mining and the global exploration approach were further optimized locally 
at an ab initio level. While the symmetry was restricted to the SG for the database structures, the 
models from the empirical potential landscape search were first optimized in P1 and the real SG 
was determined afterwards for the fully relaxed models with the KPLOT software as embedded 
in Endeavour32. In total, 44 structure types were modeled at DFT and hybrid level for SnTiO3. A 
full list of the applied structure models is given in Table 3.1.  
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Table 3.1. Calculated cell volumes per formula unit and energy difference to the most stable structure 
types (ΔE (HSE) ≤ 115 kJ/mol) as obtained with the LDA, GGA and HSE06 functionals, ordered according 
to HSE energies differences. 














ΔE / kJ mol-
1 
e-[FeTiO3] R3̅ 70.96 0.1 78.88 0.0 77.45 0.0 
[-TlSbO3] P3̅1c 70.87 0.0 79.08 0.1 77.68 0.0 
[PX-PbTiO3] I4/m 67.46 8.6 73.70 13.9 71.77 24.1 
[MgVO3] Cmc21 82.25 55.3 87.16 32.2 84.66 30.1 
SnTiO3-mP10 P21/m 64.20 17.9 71.97 19.8 69.67 33.6 
[MgSiO3] P21/c 75.14 54.2 83.55 26.7 80.54 41.3 
[BaTiO3] P4mm 61.62 21.0 68.68 30.4 66.60 49.0 
optimized-[HgVO3] P21/m 62.83 33.0 70.36 38.2 67.61 54.5 
[CaTaO2N] Pmc21 60.91 22.8 67.34 37.0 65.47 54.5 
[LiNbO3] R3c 60.28 25.5 64.95 45.0 63.06 63.7 
[SrTiO3-oI20] Ima2 60.27 25.5 65.53 43.9 63.47 63.8 
[NaNbO3-oP40] Pbcm 60.09 38.1 68.75 50.2 66.92 69.6 
[ScUS3] Cmcm 60.85 41.4 67.28 59.6 67.23 73.3 
SnTiO3-mP10-II P𝑚 65.83 78.2 86.58 66.2 84.46 77.6 
[BiMnO3] C2/c 59.03 39.8 64.22 62.9 62.65 84.5 
[GdFeO3] Pnma 58.69 46.4 62.53 72.2 61.23 97.0 
[CaIrO3] Cmcm 58.49 46.5 62.20 73.3 60.68 100.2 
[BaPbO3] Imma 58.31 46.7 62.02 74.1 60.70 102.2 
[CaSiO3-tP40] P42/nmcz 58.39 47.6 61.96 74.3 60.42 103.0 
[BaFeO2+x] P63/mmc 60.52 57.5 64.40 77.5 62.53 103.2 
[Sr3CoSb2O9] Immm 58.89 52.2 62.52 78.2 60.94 104.0 
[NdAlO3] R3̅c 58.25 48.4 61.83 76.2 60.12 105.0 
[KCuF3-tI20] I4/mcm 58.21 48.6 61.73 75.5 60.10 105.1 
[CaSiO3-cI40] Im3̅ 58.33 49.0 61.86 76.5 60.17 105.6 
SnTiO3-mP10-III Pm 65.83 78.2 72.60 79.8 70.01 106.1 
[CaTiO3] Pm3̅m 58.57 53.5 62.14 81.0 60.28 107.0 
[AgSbO3] Fd3̅mz 61.81 63.9 65.72 84.8 63.61 107.6 
[KSbO3] Pn3̅ 60.51 65.6 64.97 87.3 63.16 112.7 
[β-TlSbO3] P6322 - - 86.16 105.1 85.12 114.0 
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Energy versus volume optimization was carried out for all models and the obtained points were 
fitted to various (Birch, Birch-Murnaghan, Vinet and Poirier-Tarantola) equations of state (EoS). 
The local optimizations on an ab initio level were performed within the local density 
approximation (LDA), the generalized gradient approximation (GGA) and the hybrid functional 
HSE06 with 25 % of the exact Fock exchange, as it is reasonable to compare different functionals 
to gain better insight in the quantitative validity of the results. 
3.3. Results and Discussion 
3.3.1. Structure Models 
As stated above, the experimentally obtained structure of SnTiO3 can be represented by five 
different stacking variants as determined from Rietveld refinement of powder diffraction data. 
The polytypes (denoted with AB, ABC, ACB, ABCB and ABCACB) contain both the prominent 
e-[FeTiO3]-type structure (ABC) and the [α-TlSbO3]-type structure (AB). Since the energy 
minima and volume per formula unit of the relaxed structures are almost identical 
(+/-0.1 kJ mol-1; ΔV: +/-0.3 %) and all stacking variants can be derived from AB and ABC, the 
present study focuses on the e-[FeTiO3] and [α-TlSbO3] polytypes, when comparing the 
experimental structure.  
 
Figure 3.1. Most stable predicted structure types and respective total electronic energies from HSE06 
calculations. 
Among the (theoretical) structures investigated, the major differences can be found in the 
coordination spheres of Ti, which includes the perovskite-derivatives with (tilted/distorted) 
BX6-octahedra and the silicate analogous structures with tetrahedral B-site environment. To 
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fully cover all possible B-site coordination environments even an exotic five-fold coordination of 
B is modeled within the [HgVO3]-type. A further differentiation can be made by comparing the 
different linkages of the polyhedra, which is corner-sharing in the perovskite-derivatives, while 
it is edge-sharing in e-[FeTiO3] and [α-TlSbO3] and face sharing in [BaNiO3]-type, for example. 
While the data mining approach remains primarily controlled by chemical intuition, the 
predictive power of a global structure search was proven to be very successful in the recent past. 
Although no ab initio DFT potential input during the global search could be used due to 
convergence problems and had to be replaced by an empirical potential, indeed one of the 
identified structure models exhibits chains of edge-sharing BX5 square pyramids as found in 
HgVO3, thus proving the method to be chemically viable. 
3.3.2. Energy Landscape 
Comparable to the study by Hautier et al., we find that the experimentally determined structure, 
which is in fact more complex than just ordinary e-[FeTiO3] and [α-TlSbO3] is lowest in energy 
and therefore identified as the most stable configuration independent of the applied functionals 
(Fig. 3.2). Here, PBE and HSE06 reveal qualitatively the same trends and LDA significantly differs 
in the magnitude of total energies. Results obtained by HSE06 perfectly reproduced the 
experimental lattice parameters a and c*. Therefore, we stick to the HSE06-based results in this 
work, and only note the difference to LDA where required. 
 
Figure 3.2. Minima of energy versus volume plots of all modeled structure types for SnTiO3 (HSE06 
calculations). Inset showing close up of polytype region. 
Among the found structure models, the [PX-PbTiO3]33 structure type is within energetic 
proximity to e-[FeTiO3]- and [α-TlSbO3]-type SnTiO3. This structure consists of edge-sharing one 
dimensional octahedral TiO6 chains and has been realized for PbTiO3 by hydrothermally treating 
slurries of soluble lead and titanium precursors34. This polymorph is predicted to be less stable 
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by only +24 kJ mol-1 and exhibits lower cell volume (67.46 A3) than the experimental model. The 
[PX-PbTiO3]-type is thus the model energetically closest to experimental SnTiO3.  
Moreover, a structure with 5-fold coordination of Ti as present for example in the [MgVO3]-type 
structure is only +30 kJ mol-1 higher in energy and exhibits the largest cell volume within the 
probed structure types. The [MgVO3]-type structure is built up from one-dimensional zigzag 
chains of edge-sharing TiO5 quadratic pyramids.  
A model with the same Ti coordination as e-[FeTiO3]-type SnTiO3 but another TiO6 sublattice is 
found (SnTiO3-mP10) at +33.6 kJ mol-1 and 69.67 A3. This model with space group P21/m was 
predicted by the global search algorithm and features similar anionic double pyramidal chains 
as present in the [HgVO3]-type, differing only in the stacking of the chains. This quadratic 
pyramidal coordination of Ti is present also in the layered K2Ti2O5, which served as a starting 
material when synthesizing SnTiO3. The actual [HgVO3]-type is less favored for SnTiO3 by 
another +20 kJ mol-1. A tetrahedral coordination of Ti such as found in the [MgSiO3]-type model 
leads to a large cell volume of 80.53 A3 and is energetically shifted by already +41 kJ mol-1 above 
the e-[FeTiO3]- and [α-TlSbO3]-type.  
The desired candidate ferroelectric tetragonal perovskite-type structure ([BaTiO3] SG P4mm) is 
only the 6th most stable configuration for SnTiO3, with an energy difference of +49 kJ mol-1. It 
features, however, a lower cell volume (66.6 A3), suggesting a potential high-pressure 
transformation. Also the orthorhombic (Pna21), monoclinic (Cm, Cc) and triclinic versions of the 
perovskite-type structures converged into the same minimum of the energy hypersurface with 
exactly the same structure and symmetry (P4mm) within the error margin, indicating a large but 
not very deep basin in the energy landscape. The [CaTaO2N]-type (SG Pmc21) structure, which is 
also found at a lower cell volume (63.06 A3) is another representative of the large family among 
ABX3 perovskites with corner-sharing octahedra only, being energetically destabilized by 
+54.5 kJ mol-1. 
The fact that many of the modeled hypothetic structures indeed exhibit lower cell volumes than 
the ground state SnTiO3 suggests the possibility for pressure-induced phase transitions. 
Therefore, all the E-V curves were fitted to equations of state (EoS) and translated to ΔH vs. p 
diagrams. Fig. 3.3 shows the full range of stable high-pressure configurations up to 20 GPa. 
Indeed, the e-[FeTiO3]- and [α-TlSbO3]-type SnTiO3 show a phase transition to the tetragonal 
[BaTiO3]-perovskite type at 11 GPa and a further transition from this tetragonal perovskite to 
the [CaTaO2N]-type is predicted at 15 GPa. Both pressures can routinely be realized in diamond 
anvil cells and even multianvil setups, thus making the experimental realization of these 
structures a realistic scenario. Note that no further high-pressure phases are predicted when 
increasing the pressure up to an extreme of 200 GPa (data not shown). 
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Figure 3.3 a) Energy vs volume curves as calculated by DFT-HSE06, fitted with Birch-Murnaghan (3rd 
order) equations of state and b) ΔH vs. p plots referenced to the e-[FeTiO3]- and [α-TlSbO3]-type SnTiO3 
(color code in both Figures corresponds to the color assigned in b). 
In the following paragraph we discuss the results of our proposed high-pressure phase 
transitions in the context of previous theoretical work. Matar et al. predict an a lattice parameter 
of 3.80 Å for the [BaTiO3] phase and a c/a ratio of 1.09 based on LDA calculations. Parker et al. 
propose a slightly larger c/a ratio of 1.13 (LDA) and 1.15 (GGA). However, the results and the 
quality of the calculations have to be taken with care in view of the prediction of the tetragonal 
perovskite structure as most stable polymorph. Furthermore, our experimental and theoretical 
work as well as calculations by Hautier et al. have disproven this result. With LDA, PBE and 
HSE06, we indeed arrive at a lattice parameter a that is comparable to the previous theoretical 
studies, however the c parameter and therefore the c/a ratio significantly differ by more than 
5% for GGA (c/a = 1.22) and HSE06 (c/a = 1.21). The shortest Ti-O distance in the tetragonally 
distorted TiO6 octahedra is 1.71 Å and the longest is 2.90 Å, thus corresponding to an extreme 
distortion. PbTiO3 (SG P4mm) in contrast has for example Ti-O distances of 1.79 Å and 2.36 Å. 
The relaxed structure of the second predicted high-pressure phase [CaTaO2N] (SG Pmc21) 
exhibits slightly smaller Ti-O distances at 1.77 Å and 2.82 Å, but still remains more strongly 
distorted than tetragonal PbTiO3. 
To check if these strong distortions remain within the dynamic stability limits, both 
high-pressure phases were probed by calculating the phonon frequencies. Due to the very high 
computational costs with the HSE06 functional the phonon spectra shown here (Fig. 3.4) were 
calculated at the GGA level. Only minor imaginary frequencies at the Γ-point of i1.5 cm-1 and i6.2 
cm-1 were obtained for the [BaTiO3] and [CaTaO2N]-type structure, respectively. Note that even 
the experimentally realized e-[FeTiO3] and [α-TlSbO3]-type structures gave imaginary 
frequencies of i3.1 cm-1 (data not shown). Thus, realization of both phases by application of high 
hydrostatic pressure indeed seems feasible.  
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Figure 3.4. Phonon dispersion of the a) P4mm and b) Pmc21 high-pressure polymorphs of SnTiO3 as 
calculated by DFT-GGA. 
3.3.3. Electronic band structures and bulk modulus 
Band structure calculations with the hybrid functional HSE06 (Fig. 3.5) characterize both 
predicted high-pressure polymorphs as indirect gap semiconductors with slightly smaller band 
gaps compared to tetragonal PbTiO3 (PBE: 2.08 eV, exp. ~ 3 eV taken from citation)35-36. The 
calculated values for both theoretically predicted polymorphs of SnTiO3 at 1.87 eV for 
[BaTiO3]-type and 1.95 eV for [CaTaO2N]-type are very similar as expected due to a comparable 
bonding situation. Furthermore, the fitted EoS allow for the determination of the bulk moduli B0. 
The e-[FeTiO3]-type structure has a very small B0 of 24 GPa, which is in accordance with the later 
determined experimental value of 23 GPa (see Chapter 4 of this thesis). In contrast the bulk 
modulus of the first predicted HP-phase ([BaTiO3]-type) is 59.4 GPa and the second HP-phase 
([CaTaO2N]-type) has a B0 of 82.9 GPa. This is reasonable since HP-polymorphs are generally 
less compressible than the standard modifications.  
 
Figure 3.5. Electronic band structures of predicted high-pressure polymorphs of SnTiO3: the [BaTiO3]-
type and [CaTaO2N]-type (HSE06 calculations). 
                          [BaTiO3] P4mm 
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3.3.4. Possible Ferroelectricity 
Within the family of perovskite titanates ATiO3 various members are indeed ferroelectric 
(BaTiO3, PbTiO3) or close to a ferroelectric instability (SrTiO3, CaTiO3). A characteristic signature 
of a ferroelectric phase transition is the observation of the softening of a long wavelength 
transverse optical (TO) mode, which freezes at the transition and determines the low 
temperature structural transformation. This is realized in both BaTiO3 and PbTiO3, but 
incomplete in SrTiO3 and CaTiO3 due to quantum fluctuations in the former and negative 
transition temperatures in the latter. The modelling of mode softening in all compounds has 
been performed within the polarizability model18, which is based on a self-consistently derived 
double-well potential in the electron-ion interaction. In order to explore possible ferroelectricity 
in SnTiO3 we use this exact model, however, due to the lack of experimental data the potential is 
taken to be the same as in SrTiO3. This choice is rather ambiguous, but justifiable by the a-axis 
lattice parameter of SnTiO3 which is closest to SrTiO3. The A-ion sublattice mass is replaced by 
Sn, whereas all other parameters are taken to be identical. It is important to note that as a 
number of strong assumptions have been made in the modelling the results presented here have 
to be taken with care.  
Upon consideration of the hypothetical cubic structure type, mode softening takes place in 
SnTiO3, which closely resembles the findings for SrTiO3 with an extrapolated Tc of 15 K (Fig. 3.6). 
Quantum fluctuations set in around 35 K as seen from the positive value for ω2TO at 0 K thus 
hindering a phase transition. Since however, the cubic structure can definitely not be realized for 
SnTiO3, we included the theoretically predicted tetragonal distortions. For this, the c/a ratio is 
artificially enlarged while keeping the cell volume constant. All other parameters remain 
identical to the undistorted compound. With increasing c/a ratio the soft mode increasingly 
hardens (as seen from the steeper slopes in Fig. 3.6) and the transition temperatures shift into 
the negative regime, thus strongly disfavoring any polar instability. 
3. Examining experimentally accessible structural candidates of SnTiO3:  
The search for novel ferroelectric materials 
54 
 
Figure 3.6. The squared soft mode frequency 𝜔𝑇𝑂
2 (𝑤𝑎𝑣𝑒𝑣𝑒𝑐𝑡𝑜𝑟 𝑞 = 0) as a function of temperature for 
various c/a ratios as indicated in the figure. The heavy lines are extrapolations of the linear temperature 
regions indicating possible transition temperatures. 
It must thus be concluded that in spite of the possibility for strong optical mode softening in 
SnTiO3, tetragonal distortions rapidly suppress the appearance of a finite transition 
temperature. This is also true for the hypothetical cubic phase where an instability is suppressed 
by quantum fluctuations (nonzero ω2TO at 0 K). Possible applications of the high-pressure phases 
of SnTiO3 are nevertheless feasible, since a large dielectric constant in the cryogenic temperature 
region is expected, if the tetragonal perovskite phase can be quenched to ambient conditions. 
3.4. Conclusions 
We have explored the energy landscape of the compound SnTiO3. The previous prediction3 of the 
expanded ilmenite-type structure to be the most stable phase can be confirmed. We further 
predict two metastable high-pressure polymorphs: The [BaTiO3]-type SG P4mm at pressures 
between 11 GPa and 15 GPa and the [CaTaO2N]-type SG Pmc21 above p = 15 GPa. The existence 
of the [BaTiO3]-type and its potential as a possible ferroelectric material has been intensively 
studied in the literature. We predict a much stronger tetragonal distortion of the tetragonal 
perovskite structure with c/a = 1.21 than previous studies suggested. This immense distortion 
prevents a hypothetical tetragonal perovskite SnTiO3 from undergoing a paraelectric-to-
ferroelectric phase transition. Hence, the phonon mode that describes the displacement of the Ti 
atom from the center of its octahedral environment cannot freeze and thus excludes a 
ferroelectric instability.  
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Abstract 
SnTiO3 in the perovskite modification is predicted to have a very high dipole moment, but has not been 
realized synthetically. Here, we show high-pressure experiments with diamond anvil cells (DACs) up to 
45 GPa on ilmenite-type derived SnTiO3. Raman spectroscopy, in-situ powder diffraction on a synchrotron 
source and UV-Vis spectroscopy allow the assignment of three new phase transitions under pressure. At 
below 1 GPa the stacking order changes, at about 5 GPa an isostructural, electronic phase transition occurs 
and above 20 GPa a further phase transition is observed, potentially consistent with the phase transition to 
the perovskite-like SnTiO3, as recently predicted theoretically. The observed phase transitions add to the 
understanding of lone pair induced electronic and crystallographic structures and their behavior under 
extreme pressures. 
4.1. Introduction 
Lone pair containing titanates have proven to be technologically relevant in many applications, of 
which ferroelectrics are the most prominent. Pb(Zr,Ti)O3 (PZT)1 is the textbook example for 
ferroelectric (pseudo) Jahn-Teller distortions in low temperature modifications. In a simplistic 
picture, the stereochemically active lone pair induces a non-centrosymmetric distortion2 of the 
TiO6-octahedra leading to the ferroelectric moment. The exact role of the lone pair remains under 
debate3, especially, when keeping in mind that also titanates without lone pairs show ferroelectric 
behavior4 and vice versa5.  
Computationally, SnTiO3 is theoretically predicted to be a suitable non-toxic alternative to PZT4 
with a benchmark dipole moment of 1.1 C·m-26-7. This dipole moment, however, is only computed 
for a (tetragonally) distorted perovskite modification8-12, which has not been realized 
synthetically13. In Chapter 2 of this thesis we have shown that dipole switching might not be 
possible also for perovskite-type SnTiO3, still leaving perovskite-type SnTiO3 as a potential 
piezoelectric. 
We have recently been able to synthesize an ilmenite-type derived layered modification of 
SnTiO314, making it the first example for an ilmenite-type derived titanate with lone pairs. 
Realization of this long-sought after material may shed new light on the complicated set of 
parameters determining the degree of distortion as well as influence on important ferroelectric 
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phase transitions, both temperature- and pressure-dependent. Indeed, SnTiO3 shows Jahn-Teller 
distorted TiO6-octahedra as evidenced by solid-state NMR and STEM.  
(Mg,Fe)TiO315, MgSiO3 and MgGeO316 with ilmenite-type derived structures have a phase 
transition to perovskite-like structures at high pressures, which often can be quenched to ambient 
conditions in the (non-centrosymmetric) LiNbO3 structure-type with space group R3c 17-19. 
A. Navrotsky has given a comprehensive description of the relationship between ilmenite-type, 
LiNbO3-type and perovskite-type structures20. As shown in ZnTiO319, another example for an 
ilmenite-type titanate at ambient conditions, high-pressure experiments did allow the synthesis 
of a non-centrosymmetric polymorph: LiNbO3-type ZnTiO3 with corner-sharing TiO6-octahedra. 
For SnTiO3 we had calculated (Chapter 2 of this thesis) the P4mm and Pmc21 perovskite-like 
structures to be the most stable modifications at pressures above 8 and 12 GPa, respectively.  
High pressure, in general, is a synthesis parameter leading to interesting semiconductor-to-metal 
transitions in 2D van der Waals materials, for example in MoS221, MoSe222 and also WSe223. In these 
cases, the electronic phase transitions were only accompanied by very small structural changes 
or even of isostructural nature. Most interestingly the lone pair dominated litharge-type SnO 
shows this type of phase transition at pressures p > 5 GPa24. 
Here, we present results of the search for perovskite-type SnTiO3 by a high-pressure approach. 
We identify three phase transitions using Raman spectroscopy, optical absorption spectroscopy 
and X-ray powder diffraction (XRPD) and discuss the nature of these phase transitions. 
4.2. Crystal Structure at ambient pressure 
 
Figure 4.1. Crystal structure of ilmenite-type derived SnTiO3 (R3̅), grey representing Sn2+, white Ti4+ and 
red representing O2- ions. The [010]-direction emphasizes the rhombohedral ABC-type stacking pattern (a) 
and the typical honeycomb structure can be seen from [001]-direction (b). 
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Despite the elaborate description of the crystal structure in Chemistry of Materials14, we would 
like to take the reader through the character of the SnTiO3 crystal structure once more. As 
mentioned in the introduction, SnTiO3 crystallizes in an ilmenite-type derived structure, 
characterized by TiO3-honeycombs with Sn2+ above and below the voids (Fig. 4.1). Due to the 
structure-directing lone pairs, the individual layers are separated through a van der Waals-like 
gap as also found in the only other ilmenite-type lone pair material α-TlSbO325. As another 
consequence of this van der Waals gap, the individual layers do not strictly obey the rhombohedral 
ABC-type stacking pattern of ilmenite-type structures, but are heavily stacking faulted. Full 
description of the crystal structure only was possible with several polytypes of which AB-type 
stacking can be considered as manifestation of the stacking faults. The structure had been refined 
without restrictions regarding centrosymmetry in order to allow for the broad distribution of Ti-O 
distances found especially in STEM images14. DFT calculations in this work are based on a 
structural model in P3 or R3, although relaxation optimizes the structure into a centrosymmetric 
R3̅ space group. We have further confirmed the centrosymmetric nature of the structure by SHG 
measurements (Fig. S B.1).  
4.3. Raman spectroscopy at ambient pressure 
Raman spectroscopy is a very sensitive tool to observe structural changes in solids, including 
micron-sized samples. Therefore, we first used Raman spectroscopy to identify possible phase 
transitions. 
The ambient pressure spectrum (Fig. 4.2) shows (at least) ten different modes as summarized in 
Tab. 4.1. Ten is the expected amount of Raman active vibrations from group theory for the space 
group R3̅ (no.148)26. The spectra are in reasonable agreement regarding both peak positions and 
relative intensities. The calculated peak maxima are shifted by a factor of 6% towards lower 
energies due the fact that DFT calculations are carried out for 0 K, while measurements were 
taken at room temperature (~300 K). Upon calculation of the Raman spectra without 
centrosymmetric restrictions each individual layer shows very similar vibrations. The small 
structural deviations (varying Ti positions within their octahedra) in each layer cause a 
distribution of exact excitation energies, which in turn broaden the peaks significantly. 
 




Figure 4.2. Raman spectra of polycrystalline SnTiO3 at ambient conditions, using two different excitation 
wavelengths, as well as the calculated spectra for ABC-, ACB-, and AB-type stacking and 532 nm excitation, 
all normalized to the peak at around 105 cm-1. 
The mode around 700 cm-1 can be assigned to TiO6-octahedral breathing vibrations (Fig. 4.2) as 
also seen in other titanates, such as MgTiO315 or (Bi,Na)TiO327. Relatively strong broadening 
further supports the fact that strongly distorted TiO6-octahedra and a rather broad distribution 
of Ti-O bond lengths are present. The mode at around 110 cm-1 fits very well to the Eg mode found 
in pure layered SnO28. We therefore assume a similar energy for Sn-O-vibrations in SnTiO3. This is 
further supported by DFT-calculations (Fig. S B.2) clearly showing in-plane movement of Sn. 
Interestingly, also the Ag mode in SnO at 210  cm-1 shows that potentially the 217 cm-1 mode 
involves Sn-O-vibrations, however the graphical representation (Fig. S B.2) emphasizes that 
mostly O ions are moving against the more static Sn ions. We will discuss the role of 
Sn-O-vibrations in the context of soft modes further down. 
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Table 4.1. Raman modes of SnTiO3 at ambient pressure and temperature with corresponding modes from 
DFT calculations and ilmenite-type CdTiO3. 
# of 
mode 









  60    Ag 60 224  
1 72 84 Ag 90 521    118 
2 107 110 Eg 105 251 Eg 105 156 146 
  143        
3 162 165 Ag 159 330 Ag 159 220 223 
   Eug 171 35 Eg 173 44  
  179 Aug 183 14     
4 212 212 Eg 208 32 Eg 210 17 249 
5  272 Ag 363 133 Ag 371 135 343 
6 357 359 Eg 342 806 Eg 340 370 332 
      Eug 379 47 (IR?)  
7 410 411 Ag 431 234 Eg 449 340 474 
8 442 449 Eg 456 333 Eg 466 16 466 
9  555 Eg 530 404 Eg 529 440 602 
      Ag 614 37  
10 706 707 Ag 668 4885 Ag 668 3905 699 
 
Rationalizing the additional modes is more ambiguous, especially due to the presence of many 
stacking faults. When assuming ABC-type (ilmenite-type) stacking as the non-faulted archetype, 
AB-type stacking can be considered as the “fault”. By calculating Raman modes for both stacking 
types, we therefore identified a mode that might only correspond to occurrence of stacking faults, 
such as the very low energy mode at 60 cm-1. Potentially, explaining why these can not be observed 
in other (non-faulted) substances with ilmenite-type structure. DFT calculations for the ABC-type 
stacking revealed that the lowest energy mode at 89 cm-1 shows the vibration of Ti atoms exactly 
perpendicular to the layers. Hence changing the stacking sequence from ABA to ABC changes the 
next neighbor environment for those atoms. The strong dependence of the intensity on the exact 
excitation energy, stacking type and extension of the respective polytype has been studied in 
detail for other 2D materials, including for example the layered lone pair material Bi2Se330-31. 
Additionally, the strong deviation of the measured mode at 410 cm-1 by 21 cm-1 to the calculated 
ABC-type and by even 39 cm-1 to the calculated AB-type stacking can be taionalized by a strong 
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stacking dependency and may thus be unique to ilmenite-type derived heavily stacking faulted 
structures such as SnTiO3.  
The additional modes with small intensity are observed for the spectra excited with a 633 nm 
laser. Observation of side phases with small volume fractions and small particle sizes in Raman 
spectra are unlikely and the modes at 143 cm-1 and 179 cm-1 are neither explained by the ABC- nor 
the AB-type stacking. One possible explanation of the mode at 143 cm-1 could be presence of TiO2 
nanoparticles, as rutile TiO2 has its most intense Raman mode at this position. Other known 
impurities, such as SnO2, remain invisible in the obtained Raman spectra. Regarding the mode at 
179 cm-1, DFT predicted IR-active modes at 171 cm-1 and 183 cm-1 in the ABC-type. The 
simultaneous occurrence of IR- and Raman-active modes is a sign for non-centrosymmetry at least 
in local domains. Also in CdTiO329 small additional modes appeared upon the phase transition to 
the ferroelectric modification with off-centered TiO6-octahedra. The broad distribution of Ti-O 
bond lengths in SnTiO3 thus might induce local domains of non-centrosymmetry. The broad 
distribution of Ti positions is known from other ferroelectric titanates and is usually occurring in 
order-disorder (eight-site model) dominated ferroelectric phase transitions.  
4.4. Raman spectroscopy at high pressure 
With increasing pressure the lowest energy mode #1 at 84 cm-1, which is assigned to movement 
of Ti along the c-axis in ABC-type stacking disappears irreversibly (Fig. 4.4a), thus marking the 
first phase transition at about 0.8 GPa (PT-I). Upon changing the stacking order from ABC-type to 
AB-type the out-of-plane vibration of Ti will heavily depend on the previous and next layer 
position of countermoving Ti. Therefore, the Ag out-of-plane Ti vibration in AB-type stacking is 
predicted from DFT at even lower energies as discussed in the paragraph above. Another phase 
transition (PT-II) of reversible nature at around 5 GPa is observable with occurrence of an 
additional Raman mode at around 110 cm-1 with small intensity (Fig. 4.4a). Due to overlap with 
the high intensity mode #2 at 110 cm-1, it is difficult to define the exact onset. We therefore 
analyzed the full width at half maxima (FWHM) (Fig. S B.3) of modes clearly only representing one 
vibration and deduced a phase transition point at between 4 and 5 GPa. Fitting of Grüneisen 
parameters for each Raman mode further supports the transition point. The Grüneisen parameter 
reduces for some Raman modes by more than 50% before and after PT-II (Tab. S B.1). The 
magnitude of the determined Grüneisen parameters for SnTiO3 is relatively low (γaverage = 0.15) 
compared to other ilmenite-type structures, which indicates that most energy is initially 
consumed for anisotropic compression of the Sn lone pair. This behavior has been observed in 
layered BiI3 upon an insulator-to-metal transition32, but in this publication no Grüneisen 
parameters were determined unfortunately. The interesting implications of PT-II will further be 
discussed below in the sections about XRPD and visible-light optical absorption spectroscopy.  
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The third phase transition PT-III is identified at pressures around 19 GPa (Fig. 4.4d). Here most 
Raman modes show loss of intensity and broadening. As we will discuss further in the section 
about high-pressure XRPD, PT-III may indicate ordering into corner-shared TiO6-octahedra, but 
clear assignment of Raman modes or a crystal structure remains speculative.  
The two modes at 217 cm-1 and 351 cm-1 observed in Raman spectroscopy (Fig. 4.4 a and b) are 
softening over a range of at least 5 GPa to 20 GPa (Grüneisen parameters γ217 = – 0.06 and 
γ363 = – 0.06 after PT-II respectively). The very small negative Grüneisen parameters of 
γ217 = – 0.05 and γ363 = – 0.03 below PT-II indicate also soft mode behavior before the phase 
transition. Both modes have strong contributions from oxygen movement, while Sn is relatively 
static (Fig. 4.3a).  
 
Figure 4.3. a) Two graphical representations (yellow vectors) of the pressure dependent soft modes at the 
calculated wavenumbers 210 cm-1 and 351 cm-1. b) Scheme of Sn-O bond lengths between two layers with 
increasing pressure calculated by DFT. Light grey represents Ti, dark grey Sn and red O. 
With increasing pressures, interactions such as the interlayer Sn-Sn bonds33 as well as the overlap 
with next layer O p-orbitals34 are enhanced. As a consequence, the initial bond strength in the 
three short Sn-O bonds from the same layer will lower and mode softening for both modes is 
observed. This has also been observed for the ferroelectric phase transition in (Bi,Na)TiO327 and 
is further supported by DFT calculations (Fig. 4.3 b), which show a nearly constant Sn-O-distance 
(2.13 Å to 2.11 Å) in the high-pressure structure at ~ 7 GPa, while the long Sn-O distances 
drastically reduce from around 3.65 Å to 3.32 Å. At the same time the Sn-Sn distance reduces to 
3.35 A, which has been reported to be below the distance required for a semimetallic behavior in 
SnO. The comparably high Grüneisen parameter (γ110 = 0.6, γaverage = 0.15) for the mode at 
110 cm-1 also indicates a strong pressure dependence for vibrations of the Sn-atoms.  
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In fact, off-center displacement of the A-site cation (in an ABO3-type oxide) has been calculated to 
be the major reason for ferroelectric phase transitions in contrast to the text book assumption of 
B-site driven octahedral distortions35. We may therefor speculate that the observed soft modes 
can be connected to a phase transition into a theoretically predicted non-centrosymmetric 
PbTiO3-type (P4mm) space group or more likely into the CaTaO2N-type (Pmc21) at 19 GPa (PT-III). 
 
Figure 4.4. a) Raman modes showing the loss of the “stacking mode” at ~80 cm-1 (marked in red) at 
pressures below 1 GPa (PT-I) and the appearance of an additional mode at around 4-5 GPa (PT-II, marked 
in blue). Soft mode behavior of the modes at 212 cm-1 and at 359 cm-1 is seen and two different pressure 
dependencies above and below 4 GPa are marked by trendlines for the modes at around 400 cm-1and 700 
cm-1. b) Corresponding raman spectra from 0 GPa to 15 GPa, including depressurization. 
 
4.5. Crystal structure (powder diffraction) at high pressure 
To gain further insight into the high-pressure behavior of SnTiO3, in-situ synchrotron XRPD 
(λ = 0.289880 Å) was carried out. Several diamond anvil cells (DACs) were loaded with 
polycrystalline powder and the pressure was slowly increased up to 20 GPa and in one case up to 
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45 GPa. Fig. 4.5a shows the obtained diffractograms as received. The characteristic triplets of the 
SnTiO3 crystal structure are present at ambient conditions. From pressures around 5 GPa, 
additional reflections of Neon appear due to solidification of the pressure medium. Two apparent 
changes are marked by boxes in Fig. 4.5a.  
 
Figure 4.5. a) The in-situ high-pressure synchrotron XRPD patterns with boxes indicating two 
representative changes with pressure. Purple box indicating the loss of intensity for any reflection 
correlating with the ilmenite-type derived structure and the red box indicating the intensity increase of the 
reflection at 6.1° 2θ. The SnO2 side phase is marked with an asterisk *, and the pressure medium Neon with 
#. The powder could not be measured at ambient pressure, due to the loading procedure in DACs. b) 
Normalized lattice parameters from Rietveld refinement with increasing pressures up to 20 GPa. c) Volume-
Pressure curves with three different datasets and different fits of equations of states (fitted with EoS  
Fit736-37). The fit with Birch Murnaghan (3rd order) obtaining B0 =23 GPa and B’ =16 GPa, fitting with the 
Vinet (3rd order) model gives B0 =23 GPa and B’ =13 GPa and fitting the Murnaghan (3rd order) model 
B0 =25 GPa and B’ =10 GPa. 
Rietveld fitting of the diffractograms with structural model of SnTiO3 from Diehl et al.14 allowed 
extraction of lattice parameters up to pressures of 19 GPa. As expected from the 2D character of 
SnTiO3, the powder is compressed anisotropically. While the a- and b-parameters are lowering by 
only 2% over a pressure range of 20 GPa, the c-direction with the van der Waals gap compresses 
by 15% (Fig. 4.5b). This leads to a volume reduction of almost 20%. The Equation of State (EoS) 
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using the Birch-Murnaghan 3rd order model gives B0 =23 GPa and B’ =16 GPa (Fig. 4.5c), which is 
an extremely soft bulk modulus for titanates and also compared to SnO with 38 GPa24 and other 
2D materials with van der Waals gaps such as 48 GPa for BiOCl38 or 56 GPa in WTe239. The 
theoretically obtained values by DFT calculations of B0 = 23 GPa and B’ = 12 GPa are in very good 
agreement with the experimental data. 
PT-I is difficult to identify, however the powder shows small intensity differences within the 
triplets (Fig. 4.6a). As we had discussed in Chemistry of Materials14, the ratio between the outer 
two reflections and the inner central reflection of a triplet corresponds roughly to the ratio of 
AB-type stacking and ABC-type stacking. As can be seen from Fig. 4.6a indeed the intensity of the 
inner reflection is higher relative to the right reflection, which is not overlapped by SnO2 after 
application of pressure. Hence, an increasing loss of order with regards to the ilmenite-type 
derived structure occurs at the first phase transition, either due to amorphization or 
randomization of stacking. The required pressures of less than 1 GPa can also easily be obtained 









Figure 4.6. a) PT-I: change in intensity between the “outer“ reflections and the “inner” reflection of the 
characteristic triplet of the ilmenite-type derived SnTiO3 structure at pressures below 1 GPa. b) PT-III: loss 
of intensity and broadening of reflections at the triplet marked with red box, while the reflection at 6.1° 2θ 
gains intensity through the phase transition pressure of about 19 GPa marked with green box. The side 
phase SnO2 is marked by an asterisk. c) Scheme to show that large A-site cations such as Sn2+ cannot easily 
allow for the phase transition to perovskite- or LiNbO3-type structures, due to difficult diffusion. 
PT-III is also observable in the powder diffractograms (Fig. 4.5a). At pressures around 
18.5 to 19 GPa the characteristic triplet and also the prominent reflections at 4° 2θ (marked in 
purple box in Fig. 4.5a) and 6.7° 2θ disappear, while a reflection around 6.1° 2θ gains intensity. 
Most other reflections are either broadened or lose intensity, usually explained by a transition to 
lower crystalline order, if not amorphization. The sharper reflections especially at 5.1° 2θ and 
6.4° 2θ correspond to a small amount of SnO2 side phase, which is present from the beginning.  
The broad “reflection” with increasing intensity at 6.1° 2θ (Fig. 4.6b) indicates lattice planes more 
or less characteristic of the perovskite-like structures (both P4mm and Pmc21 have their strongest 
reflection at this position) as we show by simple comparison to the theoretical powder pattern 
(Fig. S B.6). However, also the binary SnO is predicted to have the strongest reflection at this 
position, making an accurate assignment impossible. The formation of SnO should be 
accompanied with formation of another Ti-containing phase, which we have no indication of. 
Therefore, we cannot conclude undoubtedly that the predicted high-pressure perovskite-like 
phases have emerged, but also cannot exclude their formation fully.  
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Further application of pressure (without heating) never fully crystallized the powder. If a phase 
transition is kinetically hindered, usually laser heating allows a full conversion into the 
thermodynamically stable phases. Sn(II)O compounds are known to be prone to 
disproportionation or decomposition at temperatures above 350 °C. In our laser heating 
experiments the Raman modes of the decomposition products fit to TiO2 and SnO2 (Fig. S B.6). 
Therefore, conventional high temperature laser heating sources are unsuitable. Upon application 
of a more gentle laser heating source by using the ruby laser with a wavelength of 457 nm and a 
power of about 5 min at 1 W, the powder again decomposes into mostly the binary compounds 
SnO2 and TiO2 in their high-pressure modifications (Fig. S B.5). As ZnTiO3 had shown the phase 
transition into the perovskite at pressures around 16 GPa, we can thus speculate that Sn2+ might 
simply be “too big” for switching sites with Ti4+ (Fig. 4.6c) The delicate dependence on pressure 
and temperature for the formation of either ilmenite-type or perovskite-type CdTiO340-42 indicate 
that large A-site cations with radii of around 1 Å make it difficult to control the structure-type 
upon formation, although Cd2+ might in fact even behave as a smaller cation due to the closed-
shell configuration. Unfortunately, the ionic radius of Sn2+ with the lone pair is extremely versatile 
and may lie between 1.03 Å (Cd2+) and 1.19 Å (Pb2+) in the six-fold coordination43 and thus 
application of the Goldschmidt tolerance factor is not feasible.  
Interestingly, PT-II cannot be identified in the diffractograms. Neither a change in compression 
behavior nor a symmetry change is observed. Although small changes might be difficult to detect 
due to the heavily stacking faulted character of SnTiO3 an isostructural 2nd order phase transition 
is likely. As mentioned in the section about high-pressure Raman spectroscopy, the reversibility 
of the phase transition further supports the fact of very subtle changes in the crystal structure, if 
any at all. Isostructural phase transitions have been observed in other lone pair containing 
substances and especially materials with strong 2D character (WSe2, WTe2)23. Zhao et al.38 discuss 
isostructural phase transitions in BiOCl, a material similar to SnTiO3 in that it also contains lone 
pairs and a prominent van der Waals gap. Taking together the reversibility of the phase transition 
and the examples known for similar structures, SnTiO3 would − to our knowledge − be the first 
example for a ternary tin oxide compound with an isostructural, maybe electronic only, phase 
transition. 
Why an additional hybridization or increased orbital overlap similar to SnO33 across two layers 
does not change the bulk modulus significantly in SnTiO3 as for example observed in β-Bi2O344 
remains an open question. Possibly, the very gradual change is not observable easily in the low 
quality data sets at hand. Hybridization or bond formation/covalency has been discussed as 
important factor for induction of ferroelectricity, for example in the more covalent, perovskite-
type CdTiO3 versus its ionic counterpart CaTiO345. Lone pair activity and hybridization has also 
been discussed as the reason for second-order phase transitions, for example in Bi2O344 and 
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Sb2O346 and also titanates such as (Bi,Na)TiO327, but also binary compounds such as SnO and PbO47. 
Strain has been calculated theoretically as reason for a semiconductor-to-metal transition in 
SnO33. Zhou and Umezawa conclude that mostly increased direct lone pair interactions cause the 
observed change in electric conductivity.  
4.6. Optical absorption spectroscopy at high pressure 
To better understand the isostructural phase transition PT-II at 5 GPa additional absorption data 
were obtained. Fitting absorption onset with increasing pressure shows the typical red shift in 
energy (Fig. 4.7a), changing the color from dark red just below 5 GPa to black above 5 GPa 
(Fig. 4.7b). When migrating over the point of the phase transition the pressure-dependent shift of 
the absorption onset reduces from about 25 nm GPa-1 to 10 nm GPa-1 (Fig. 4.7c).  
The band gap is heavily influenced by the electronic structure33. It is known from other lone pair 
materials that hybrid anti-bonding orbitals of lone pairs and O p-orbitals dominate the valence 
band maximum34 and thus it is not surprising that at the point of the presumed second-order 
transition PT-II a change of absorption behavior is observed. The band gap of 1.4 eV remains too 
big for a metallic state as observed in SnO or a semimetallic state, as seen in SnSe48 at pressures 
around 12.6 GPa. Following the argument of increasing lone pair interaction with pressure, we 
thus assign the additional Raman mode appearing at 5 GPa to an interlayer interaction. 
 
Figure 4.7. a) Absorption spectra with increasing pressure, b) pictures of the powder in the DACs below 
and above the phase transition. c) Change of absorption onset with increasing pressure and linear fits of 
regions above and below phase transition pressure PT-II, showing the change of absorption behavior and 









Taken the above presented evidence together, we tentatively conclude that SnTiO3 under high 
pressure shows three phase transitions up to 45 GPa, which are however difficult to discern and 
hence, assign. At PT-I the stacking order likely changes from ilmenite-type ABC stacking to a 
higher degree of random stacking faults or AB-type. At PT-III SnTiO3 undergoes an irreversible 
phase transition to low crystalline order, maybe kinetically (and sterically) hindered to fully 
convert into a perovskite-like structure type. If this hypothesis was valid, very gentle heating 
above pressures at 20 GPa, might allow the realization of either P4mm or Pmc21 perovskite-like 
SnTiO3, however the pronounced thermal instability has so far hampered progress in this 
direction. Finally, PT-II does not entail a structure change and is hence to be second-order, as 
observed in several other 2D van der Waals type materials. Evaluation of the soft modes and 
correlation with DFT calculations points to an increased interlayer interaction. Low Grüneisen 
parameters indicate comparably high tolerance towards pressure due to the very low bulk 
modulus of 23 GPa, mostly caused by the Sn lone pair “absorbing” the pressure.  
4.8. Experimental Procedures 
4.8.1. Synthesis 
SnTiO3 was synthesized as reported elsewhere14 using K2CO3 (BerndKraft GmbH > 98%), 
SnCl2 ∙ 2 H2O (Grüssing GmbH 99.5 %) and P25 (TiO2) (Aldrich ≥ 99.5 %). 
4.8.2. High-pressure experiments 
High-pressure experiments were performed in Boehler-Almax type diamond anvil cells. The loose 
or compacted powder samples were loaded into holes with a diameter of 90-130 μm in a tungsten 
or a rhenium gasket preindented to thicknesses of 35-45 μm. Ne was used as a pressure 
transmitting medium. Small pieces of ruby were loaded for pressure determination. We used the 
reference scale by Mao et al. 49 for the determination of pressures. The synchrotron source 
provided λ = 0.289880 Å and the powder diffractograms were generated by integrating the 2D 
diffractograms with the software Dioptas_Win64_0.5.050. 
4.8.3. Raman spectroscopy 
All optical data (Raman, VIS-optical absorption spectroscopy and SHG) were measured with a 
grating spectrometer (Acton, SP-2356) equipped with a CCD detector (Pixis 256E) and an 
microscope objective (Mitutoyo). The spectral resolution of our spectrometer is around 3 cm−1. 
The experimental set-up has been described in detail elsewhere. [Bayaragal et al.51] Raman 
spectra were collected in backscattering geometry by using the 532.14 nm line of an frequency-
doubled Nd:YAG laser with the laser power of between 1-100 mW. The exposure time for Raman 
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spectra was between 1-200 s. The measured spectra were corrected by subtracting a background 
spectrum and the Raman peaks were fitted with Lorentzian functions. 
4.8.4. Second harmonic generation (SHG) 
The powder SHG method developed by Kurtz and Perry52 is commonly used to estimate the 
absence of an inversion center in crystalline structures. Here, powder SHG measurements were 
performed at ambient conditions in transmission geometry. An Optical Parametric Oscillator 
(OPO) pumped with a Q-switched Nd:YAG laser system (Continuum, Surelite), operating with a 
repetition rate of 10 Hz and a pulse width of 6 ns was used for the generation of the fundamental 
pump wave at 1460 nm light. The generated SHG signal at 730 nm was collected with the 
spectrometer which is described above. As reference materials Al2O3, Quartz, KDP and (KH2PO4) 
were used. 
4.8.5. Optical absorption spectroscopy 
The visible-light absorption data were collected using the same spectrometer and white light 
excitation source (Leica, KL1500) with an exposure time of 1 s. Each spectrum was corrected by 
first dividing the sample spectrum and the background. The curves were smoothed by averaging 
through 100 datapoints in order to better fit the absorption onset. 
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Abstract 
Directed design of new photocatalysts remains a challenging task in materials chemistry. Here, we present 
a new photocatalyst with H2 evolution activity, in which the lone pair induces low hole effective masses 
and visible-light activity. Yet, the presence of surface Sn4+ species, as found by multiple experimental 
methods, explain the comparatively low catalytic performance. We explain the intrinsic presence of 
surface Sn4+ by the extremely low ionization potential of SnTiO3. The anti-bonding character below the 
Fermi level make partial oxidation/hole doping of SnTiO3 favorable. Furthermore, direct interlayer Sn-Sn 
interactions as identified by DFT and NMR underline the 3D character of seemingly 2D SnTiO3. We show 
that for the design of new photocatalysts, the competition between favorable properties, such as low 
effective masses, and unfavorable properties, such as instability towards oxidation, have to be balanced.  
5.1. Introduction 
The directed design of photocatalytically active semiconductors remains a desirable but 
challenging goal in materials chemistry1. Many different tuning parameters have been explored , 
upon which nanostructuring, co-catalyst and crystal facet engineering are only few examples, 
well summarized in the comprehensive review by Li et al.2. Band structure tuning is one of the 
most intuitive and widespread approaches toward improved photocatalytic water splitting and 
very well suited for a detailed understanding of structure-property-relationships. Especially 
doping on cationic positions has been applied successfully and is generally referred to as 
“conduction band tuning”, valence band tuning on the other hand has been used in significantly 
fewer cases3, 4, especially due to the small variety of potential anions3 and also often due to the 
relative instability against their respective oxides. 
One alternative approach for valence band tuning is the use of so-called “lone pair” cations5, 
which are characterized by an occupied s-orbital on the outer shell6. Examples with main group 
elements are the well-studied BiVO47, many tungstates, niobates and tantalates such as Bi2WO68, 
PbWO49, SnNb2O610, SnTa2O611 and titanates Sn2TiO412. Most of these materials have visible-light 
band gaps for water splitting, therefore using sun light efficiently. This can be rationalized by an 
elevation of the valence band maximum (VBM) due to the lone pairs5, 6, 13. Next to the 
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advantageous influence on the band gap, many lone pair materials form (pseudo-)2D crystal 
structures. Here, charge carriers may separate more easily due to charge separation over an 
“internal heterojunction”8, 14, if the dissimilar regions are large enough to avoid any significant 
spatial overlap of hole and electron localization. Wahila et al.15 have shown that the lone pairs 
can also aid minority carrier transport of holes through the semiconductors. Hole transport 
limits in many cases the oxidation half-reaction. Hautier et al.16, 17 showed that Sn2+ lone pair 
materials can have extremely low hole effective masses. Yet, even the fully exfoliated Bi2WO68 
with high surface area evolved H2 with rates as low as 1.6 µmolg-1h-1. The intrinsic reason for 
this surprisingly bad performance of many lone pair based photocatalysts has been elusive.  
Here, we present SnTiO318 as a nanostructured, visible-light active photocatalyst with 
close-to-ideal band gap and very low hole effective mass, which is able to evolve hydrogen under 
visible-light excitation. We first show that SnTiO3 intrinsically oxidizes due to an extremely small 
ionization potential, forming Sn4+ species on the surface. These hinder efficient charge transfer 
to the electrolyte due to non-ideal band alignment. We can correlate the low ionization potential 
with the small electrostatic stabilization by direct comparison with other Sn (II and IV) oxides. 
We identify direct Sn-Sn interactions by both theory and experiment making the seemingly 2D 
SnTiO3 a lone pair material with 3D character. Furthermore, we computationally find anti-
bonding states below the Fermi level, making partial bulk oxidation energetically favorable as 
seen by Mössbauer spectroscopy, possibly enabling radiation-less recombination pathways. 
Therefore, advantageous properties have to be balanced with the respective disadvantages for 
every lone pair photocatalyst. 
5.2. Results and Discussion 
5.2.1. Crystal structure and electronic structure of SnTiO3 (space group R?̅?)  
The crystal structure of SnTiO3 was described elsewhere in detail18. Similar to the ilmenite-
archetype, honeycombs of TiO6-octahedra decorated with Sn2+ ions form layers that are stacked 
with different stacking orders. In contrast to actual ilmenite-type structures, the c-axis is 
strongly elongated due to the stereochemical activity of the lone pairs. The pseudo-2D character 
of the crystal structure is reflected in the morphology of the crystallites (hexagonal plates).  
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Figure 5.1. a) DFT band structure of bulk SnTiO3 with mh = 0.12 me as determined by fitting a parabola to 
the VBM at Γ and b) single layer slab SnTiO3, indicating significantly increased hole effective masses 
mh = 0.63 me and, hence, dependence of hole conduction pathways on Sn-Sn interactions. c) Density of 
states (DOS) for the relevant region around EF including the individual elemental contributions in partial 
DOS. d) COHP and e) iCOHP of SnTiO3 indicating the anti-bonding character of Sn-O interactions at the 
VBM as well as significant bonding interactions of Sn-Sn. 
Polycrystalline powders of SnTiO3 are of bright orange to red color (Fig. S C.1 b). Kubelka-Munk 
analysis gives a band gap of 1.82 eV, when assuming an indirect band gap as calculated by DFT. 
This is considered to be close-to-ideal for very high quantum efficiency water splitting devices2; 
at the same time, it is slightly too small for potential applications as a p-type transparent 
conducting oxide. The band gaps determined by DFT calculations (HSE-D3) are 1.1 eV for an 
indirect transition and 1.47 eV for direct transitions, see Figure 5.1 a. The conduction band is 
mainly comprised by Ti 3d-orbitals, while the valence band is of strong Sn 5s-character, which 
has been observed in multiple other lone pair materials. More precisely, it is the anti-bonding 
Sn 5s-O 2p-Sn 5p orbitals dominating the VBM (Fig. 5.1c), fitting well to the revised lone pair 
model as proposed by Walsh et al19. The implications of this anti-bonding character are 
discussed further down in the sections about Mössbauer spectroscopy and photoluminescence. 
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The band structure of SnTiO3 shows very high dispersion at the VBM in the Γ-M, Γ-K and A-L, 
A-H directions (Fig. 5.1a). Hence, SnTiO3 has comparatively light hole effective masses into the 
in-plane crystallographic direction (compare visualization of Brillouin zone in Fig. S C.3). 
Estimation via fitting with a parabola at the Γ-point gives values as low as 0.12 me for bulk 
SnTiO3, which is in the range of electron masses for traditional n-type transparent conducting 
oxides (TCOs)20 and much lower than 1.5 me generally considered to be the higher limit for p-
type TCOs. To our knowledge, this is among the lowest hole effective masses predicted for Sn(II) 
oxides16, 17. Calculating the band structures of slabs reduced in thickness along the c-direction 
can give valuable insights into how electronically separated the individual layers are. The three- 
and two-layer slabs closely resemble the bulk band structure of SnTiO3 with slightly increased 
band gaps and an almost identical hole effective mass of about 0.16 me. Only for the single layer 
slab the band structure changes drastically, giving an almost quadrupled hole effective mass of 
0.63 me. It can hence be concluded that two adjacent layers are required to provide a hole 
conduction pathway. As already discussed by Zhou and Umezawa for p-type SnO21, direct Sn-Sn 
interactions are needed for (in-plane) hole conduction. While Zhou and Umezawa find 
dominating anti-bonding interactions when calculating the overlap of atomic orbitals, not 
including the hybridizations that form the lone pair, we can indeed confirm lone pair bonding 
interactions in SnO (Fig. S C.4). Direct Sn-Sn interlayer interactions can also be observed in 
SnTiO3 when having a look at the integrated COHP (iCOHP) (Fig. 5.1e, green line). The energies 
are significant at the Fermi level and in a comparable range to SnO interlayer interactions.  
Taking together the ideally suited band gap and the very low hole effective masses, SnTiO3 
seems to have potential for high photocatalytic activity.  
5.2.2. Photocatalytic activity 
Indeed, the Pt-modified SnTiO3 shows visible-light activity for H2 evolution from 10 vol% 
methanol solution. Hydrogen gas was steadily generated over at least 20 hours (~ 4 µmol g–1h–1) 
after a short activation period (max. 3 h) due to the photodeposition of the Pt-cocatalyst22, 23 and 
with repeated exchange of the headspace (Figure 5.2a). As expected from the determined band 
gap, SnTiO3 evolves H2 with photon energies down to ~2 eV (see Fig. 5.2b). Yet, the absolute 
amounts evolved are far from any commercially viable or benchmark material, even when 
considering visible-light active catalysts only24. 
Moreover, O2 evolution was observable under full spectrum Xenon light, use of Na2S2O8 
sacrificial agent and use of an in-situ deposited CoOx co-catalyst. In contrast to H2 evolution, 
however, it was not possible to show visible-light activity. It remains to be shown if this O2 
evolves directly through H2O oxidation, or if the used sacrificial agent Na2S2O8 supports if not 
induces the observed small amounts of O2 via a light-induced radical reaction25. The choice of 
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relatively basic conditions (0.1 M KOH) made the use of the alternative sacrificial agent AgNO3 
impossible, as silver oxide precipitates under these conditions. SnTiO3 is at least partially 
involved during the catalytic process, as evolution of O2 was observed only from samples well 
dispersed in the reactor and adding the hole quenching methanol did stop the evolution of O2. 
Also, it is conceivable that only holes from oxygen states near the (oxidized) surface (e.g. from 
SnO2) are suited for an efficient oxidation reaction due to a larger driving force for hole transfer. 
The role of transition probabilities and charge transfer will be discussed in the context of 
photoluminescence further down. Final proof for the mechanism involved can only be given by 
properly labelling the involved precursors with 18O isotopes.  
Characterization before and after catalysis demonstrates that the catalyst remained unchanged 
regarding crystal structure (XRPD) and surface (XPS) under the chosen photocatalytic 
conditions (see Fig. S C.7). Further down we will see, however, that the catalyst as used in the 
reactor cannot be regarded as pure bulk SnTiO3. Interestingly, a preference for Pt deposition 
could be assigned to the {001} crystallographic facet from the backscattering electron images in 
Figure 5.2c and d. This has been observed in other materials with 2D character26 and is typical 
for the anisotropic charge transport behavior27, 28. The 2D character might also imply the 
assignment of a heterojunction-like behavior, which corresponds to the observation of the VBM 
being dominated by Sn-O and the CBM, being mostly of Ti character (Fig. S C.1). Despite this 
assumption of different localization of photo-excited electrons and holes the description of 
SnTiO3 as an “internal heterojunction” is ambiguous. The separation over less than a nanometer 
is expected to be within the exciton radius. 
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Figure 5.2. a) H2 evolution from aqueous methanol solution and Pt co-catalyst, b) wavelength dependent 
H2 evolution c) O2 evolution from solution with Na2S2O8 sacrificial agent d) SE-SEM image of catalyst after 
catalysis, e) BSE-SEM image of catalyst after H2 evolution showing Pt particles on {001} facets. 
In the following paragraphs we present a rationale for the relatively low gas evolution rates 
compared to other catalysts2, and deduce a potential explanation for why lone pair containing 
photocatalysts have not brought about the breakthrough for water splitting as lone pair 
compounds (hybrid-perovskites) 29, 30 have for photovoltaic applications. 
5.2.3. Band alignment 
One potential explanation for relatively low H2 evolution rates found in SnTiO3 may be 
unsuitable band alignment (intrinsically or due to surface oxidation processes). Therefore, we 
used two methods to determine the actual valence and conduction band positions with respect 
to the electrochemical potential scale. By analyzing the frequency – and potential – dependent 
capacitance of the semiconductor-electrolyte junction, it is possible to obtain the flat band 
potential (Efb) of the conduction band of SnTiO3 films (Mott-Schottky analysis). It is important to 
mention that the Efb does not correspond to the surface conduction band minimum potential as 
it is dependent on the intrinsic Fermi level position of the semiconductor. Matsumoto has shown 
that depending on the space charge layer thickness, the actual band position may be shifted by 
up to  400 mV, if the semiconductor shows a resistance of more than > 104 Ohm·cm31. The 
resistance is directly related to the Fermi level position and thus the degree of doping. 
For films of SnTiO3 drop-casted on FTO and sintered at 250 °C, an Efb of + 0.21 V vs. RHE was 
obtained. This is corresponding to – 4.75 eV vs vacuum und thus lies below (positive of on the 
electrochemical scale) the required potential for H2 evolution at – 4.44 eV. The substrate FTO 
 
5. Competing factors in the directed design of photocatalysts: The case of SnTiO3 
81 
alone showed a significantly shifted position of + 0.13 V vs. RHE and can thus be easily 
distinguished from SnTiO3. Even when assuming an average correction of 200 mV based on the 
propositions of Matsumoto, the CBM of the film is positioned just below of the 
thermodynamically required potential for H2 evolution, such that the driving force for the HER is 
expected to be very low at best.  
This finding is seemingly in contrast to our slab calculations within GGA-DFT. These calculations 
indicate the VBM of SnTiO3 is quite shallow with respect to vacuum (ionization potential, IP = 
4.44 eV) and hence the corresponding CBM. Ionization potentials were additionally computed 
for litharge SnO, foordite SnNb2O6, and rutile SnO2, and the resulting band alignments (taking 
electron affinity, EA = IP – Eg, using the experimental bandgaps) are shown Figure 5.3b, together 
with previously reported values where available32-34. Consistent with expectation, the ionization 
potentials of the Sn(II) oxides are substantially less than for Sn(IV)O2, in the order SnO < SnTiO3 
< SnNb2O6 < SnO2. The large difference between the two layered ternary compounds SnTiO3 and 
SnNb2O6 can be rationalized by the different electrostatic contributions. When correlating the 
“energy density” (electrostatic energy per volume) with the average oxidation state in the 
calculated compounds, a linear relationship is found. SnTiO3 has an average cation oxidation 
state of 3+ ((Sn2++Ti4+)/2), while SnNb2O6 is at 4+, causing a higher stabilization of the overall 
structure. 
Hence, the surface measured in Mott-Schottky did not resemble the bulk properties of SnTiO3 
but rather an oxidized surface instead. Surface layers influence the position and conduction type 
(n vs. p) of the Efb35. The same trend can be observed from comparison of rutile TiO2 with a 
negative potential of – 0.05 V (and anatase TiO2 even – 0.28 V) vs NHE at pH = 236 and rutile-type 
SnO2 is positive at + 0.4 V vs NHE at pH = 137. In case of SnNb2O6, Hosogi et al.38 postulated that 
Sn4+ states are introduced as in-gap states below the CBM. Hence, the observed band positions of 
SnTiO3 are only barely suited for H2 evolution, if at all, and in case there are significant amounts 
of Sn4+ species present, for example as a surface-layer of SnO2, the surface might resemble a 
core-shell structure, in which electrons cannot effectively be transferred to the electrolyte due to 
an effective “SnO2” barrier. 39-41  
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Figure 5.3. a) Mott-Schottky measurement of two different “SnTiO3” films on FTO sintered at 250 °C 
under vacuum. b) Calculated band alignments39 for several Sn(II) oxides and Sn(IV)O2 with previously 
reported values for comparison (SnO: Varley 201332 ; SnO2: Butler 197833 and Kiliç 200234). Where only 
ionization potentials are reported, the electron affinity is computed from the experimentally reported 
bandgap, and vice versa. The flat band potential, Efb, measured for “SnTiO3” from Mott–Schottky analysis is 
indicated by the black dashed line, and is seen to align well with the CBM of SnO2. See the main text for a 
discussion of methodological differences and error analysis. c) Band structures (DFT-PBE) including core 
level states for SnO, SnTiO3, SnNb2O6 and SnO2, showing that the trend of ionization energies is routed in a 
holistic influence (the electrostatic potential) on the electronic structure. d) correlation of the Sn 4d 
semicore level position (indicative of electrostatic contributions) and VBM position. The difference of VBM 
and semicore level can be read as the valence band width. The band positions are normalized relative to 
the respective values for SnO2 (ΔE). 
The measured flat band potential of SnTiO3 samples from Mott–Schottky analysis is seen to be 
consistent with the CBM of SnO2, and incompatible with the CBM of SnTiO3, even allowing for 
several hundred meV of error. This lends further support to the hypothesis that SnTiO3 tends to 
further oxidize to SnO2 and other phases at the surface. Speaking more generally, the very small 
ionization potentials of SnO and SnTiO3 suggest facile oxidation, consistent with the extremely 
narrow stability window for SnO42 and the observed surface degradation of SnTiO3 reported 
here (see chapter 5.2.4). Small photocatalytic activity for H2 evolution can therefore only be 
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observed if the SnO2 layer is either thin enough, enables electron tunneling directly to the 
electrolyte, or does not completely cover the bulk of SnTiO3. Evidence for the latter case is 
presented further below in the section about TEM.  
Regarding the accuracy of the slab method for absolute band alignments, Moses and coworkers43 
found that GGA-PBE underestimates ionization potentials of III-nitrides by 300 to 600 meV 
(shifting the band positions to more negative values on the electrochemical scale) compared to 
HSE06. Brgoch and coworkers44 found a similar discrepancy of 300 meV for 2H-PbI2 (500 meV 
without spin-orbit coupling). Across all the metallic elements, De Waele and coworkers45 found 
an average 300 meV underestimate of the work functions by GGA-PBE with respect to 
experiment. Though these errors are significant on the scale of achievable experimental error 
with careful photoemission or electrochemical methods, they are notably small with respect to 
the differences observed across these materials and the conclusions drawn here. 
Furthermore, if taking a look at the photoresponse (see Fig. S C.10 and description SI) the 
presence of defect states at the surface is confirmed. A photocurrent switching effect from 
cathodic currents at more negative to anodic currents at more positive potentials was observed 
at about 0.7 V vs RHE. The observation of a cathodic photoresponse between 0 and 0.7 V vs RHE 
is not an effect of electrolyte reduction as the thermodynamic potential for H2 evolution is not 
reached and hence no electron transfer is possible. It can therefore be assumed that the 
electrons excited by light are transferred to a surface species instead, and thus trapped. 
Moreover, the photoresponse was not strongly light intensity-dependent, which means that 
instead the density of states or more generally the availability of charge carriers are the limiting 
factors in this case. 
5.2.4. XPS and TEM and XRD 
In order to confirm surface oxidization of SnTiO3, we take a closer look at the surface. In Figure 
5.4 the XP-spectra of washed SnTiO3 (and Sn2TiO4 in Fig. S C.8) and powders sputtered for 45 
min are shown. The energy corrected spectra of Sn 3d show two species: one at around 486.7 eV 
and another one at 485.3 eV. Species of higher binding energy in XPS are usually of higher 
oxidation state (more negative absolute band position against vacuum). We thus assign the peak 
at 486.7 eV to a Sn4+ and the 485.3 eV to the Sn2+ oxidation state. However, Boltersdorf et al. 
have assigned the former peak to the Sn2+ species in Sn2TiO4 arguing that the shoulder is metallic 
Sn0. Although metallic species have been observed for XP-spectra of other lone pair (Pb2+) 
materials46 this observation is rather unlikely in our case. Moreover, SnWO447 in contrast has 
been reported to show two peaks at 486.6 eV and 485.5 eV which were assigned to Sn4+ and Sn2+ 
respectively, fitting well reports for SnO48 and SnO249. As XPS is a surface sensitive method of not 
more than few nanometers penetration depth, our data are supporting surface oxidation. 
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Surprisingly, prolonged sputtering with Ar+ did not significantly change the ratio between the 
two peaks. Only the lower amount of O relative to Sn may speak for Sn in lower oxidation states 
deeper in the sample. Since Ar+-sputtering is a rather invasive method the observed trend is 
possibly a consequence of in situ oxidation of exposed areas as well as selective sputtering of the 
lighter elements due to a higher sputtering cross section with Ar+ compared to the heavier  
Sn50, 51. 
Table 5.1. Evaluation of the XP-spectra SnTiO3 deposited on indium foil after different sputtering times. 
The atomic ratios are normalized to the Sn signals, respectively. 
Time sputtered Ti* : Sn Ti* : Sn : O O : Sn Sn4+/Sn2+ 
0 min 0.22 2.2 : 10 : 18.3 1.8 2.97 
5 min 0.23 2.3 : 10 : 16.7 1.7 2.94 
15 min 0.21 2.1 : 10 : 16.1 1.6 3.02 
45 min 0.23 2.3 : 10 : 14.8 1.5 2.62 
* Sn2TiO4 also showed a similar underestimation of the Ti signal on the order of a factor 4-5 relative to the 
expected stoichiometry of the ternary phase, supporting a Ti-depleted surface species, such as SnO2. 
 
XPS also allows for direct probing of the electronic structure of the VBM (Fig. 5.4f). The 
comparison of the VBM of pure SnO2 and SnTiO3 proves partial oxidation at the surface. Yet, the 
significant electronic contribution at about 2-3 eV52-54 for SnTiO3, shows that the surface 
oxidized species must be relatively thin. This lends further support to the idea of photoexcited 
electrons being able to reach the electrolyte despite oxidation of the surface. 
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Figure 5.4. a) Detailed XP-spectrum of Sn 3d3/2 and Sn 3d5/2 of as-synthesized SnTiO3, showing two Sn 
species. The blue peak with maximum at 486.6 eV is assigned to Sn4+ and the green peak at 485.5 eV to 
Sn2+. b) Same sample after 45 min of Ar+ sputtering. Signals remain almost identical, only the area of Sn2+ 
is slightly increased. c) Detailed XP-spectrum of O 1s of unsputtered SnTiO3, showing two oxygen species 
of which one peak (green) corresponds to surface species and d) spectrum after 45 min of sputtering 
showing a slightly reduced O amount. e) Survey XP-spectrum of SnTiO3 with relevant peaks labeled, f) 
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Figure 5.5. a) SnTiO3 platelet without any SnO2 surface particles, as seen in bright-field TEM, including 
FFTs for the surface and the bulk both showing the typical hexagonal diffraction pattern for SnTiO3. The 
difference in thickness explain the different intensities, b) surface particles on SnTiO3 and corresponding 
FFT, which is different from the lattice parameters shown in a), thus supporting the presence of SnO2 
surface species; c) overview image of corresponding clean particles and d) example of nanoparticles 
covering a SnTiO3 particle. 
Presence of significant amounts of Sn4+ is very well known from different other (layered) Sn(II) 
transition metal oxides. In many cases people have simply adapted the respective stoichiometric 
formulas. For example SnNb2O6 is proposed to actually correspond to Sn1.79(Nb1.92SnIV0.08)O6.7755 
or Sn1.34(Nb1.68SnIV0.32)O6.1856. Others57 argue that the presence of Sn4+ would not lead to 
compensation by excess presence of O, but rather induce p-type doping. Certainly, it is 
convincing to also assume anti-site defects of Sn4+ on Ti4+ (SnTi) positions for SnTiO3, which 
unlike for SnNb do not need charge compensation and are known also from Sn-doped TiO258 and 
other titanates59. But the chosen synthesis conditions, starting from a layered preformed titanate 
and reacting the mixture at only 300 °C make significant site exchange relatively unlikely. 
Moreover, no titanate side phase has been identified, while the excess of Sn determined after 
washing is at only 3.5 mol%, which is more consistent with the amounts of crystalline side-phase 
SnO2 and, hence, the existence of a surface SnO2 species (Tab. S C.1).  
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As TEM only gives a local picture, a statistical overview is difficult to obtain. Bulk methods such 
as XRD and NMR (see next paragraphs) confirmed the presence of small amounts of crystalline 
SnO2, which nonetheless did not exceed 2 wt% in either case (Fig. 5.6). Due to the relatively high 
batch-to-batch variation we paid careful attention to only compare samples directly from the 
same batches for XRD, NMR and Mössbauer in this work.  
 
Figure 5.6. Rietveld refined sample of SnTiO3 showing ~ 2 wt% of crystalline SnO2 (peak positions 
indicated by dark blue ticks) and colored ticks indicating the different polytypes of SnTiO318 needed to 
describe the structure.  
5.2.5. 119Sn-NMR 
The 119Sn NMR in Figure 5.7a show spectra obtained at two different spinning speeds to identify 
the isotropic peak positions. The signal at – 459 ppm dominates the spectrum while the very 
small signal (< 2 %) at – 602 ppm corresponds well to literature values of SnO260. No other 
significant contributions of Sn species could be identified. In particular, no tin species of 
amorphous (invisible to XRD) character were found as confirmed by HETCOR (Fig. 5.7c) 
experiments, clearly indicating that the 1H present in the structure is well correlated with the 
SnO2 signal at – 602 ppm. The two signals at – 655 ppm and – 552 ppm correspond to hydroxide 
species known from surfaces of SnO2 nanosheets61, which are more pronounced due to 
polarization transfer from adjacent 1H, an abundant NMR nucleus. Other layered Sn(II) 
niobates62 show very similar chemical shifts for 119Sn: SnNb2O6 at – 387 ppm and Sn2Nb2O7 at  
– 403 ppm, given that the chemical shift range for Sn(II) compounds is rather larger, with values 
ranging from – 296 ppm for SnO to SnS at + 297 ppm. Other Sn2+ species show chemical shifts of 
– 387 ppm for SnI2 and – 529 ppm for SnI2(dmso)63. The NMR measurements therefore confirm 
that the Sn species contained in the sample can largely be assigned to Sn2+.  
SnTiO3 shows a triplet-like splitting with a large coupling constant of 1788 Hz. J-coupling is 
usually explained by indirect interactions through covalent bonds. Thus large coupling constants 
are usually considered as evidence for covalency of the bonds as shown for Sn-F in α-SnF2 64. 
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Indirect 4J-coupling through two Sn-O and two Ti-O bonds is unlikely (see Figure 5.7b65) in 
SnTiO3. Large coupling constants over four bonds (4J) on the order of 1700 Hz have only been 
observed in organotin compounds in which the (organic) bonds show significant covalent 
character66. In most other cases the coupling is on the order of only 102 Hz67 or not resolved68. 
The large coupling constant therefore speaks for appreciable Sn-Sn interaction, similar to what 
has been observed for litharge-type SnO60 (8280 Hz), and consistent with our calculations of 
COHP (Fig. 5.1d). The calculation of interlayer energies for SnTiO3 further confirmed an 
increased interlayer interaction different from pure van der Waals gaps, concluded by the fact 
that the interaction potential cannot be fit with a normal Morse potential function (Fig. S C.9). 
Moreover, normal exfoliation energies are on the order of 15 and 17 kJ mol-1 for phosphorene 
and MoS2 respectively69, while SnTiO3 has an energy of 25 kJ mol-1 according to calculations on 
the PBE+D2 level of theory. The large coupling found in NMR therefore further supports the 
quasi 3D character of SnTiO3 as identified theoretically. 
 
Figure 5.7. a) 119Sn-direct excitation NMR (149.21 MHz) at two different spinning speeds stated in the 
spectrum, SF=149.21 MHz, showing two different isotropic chemical shifts, with close up in inset of 
relevant isotropic peaks at – 602 ppm and – 459 ppm. Spinning side bands are marked with an asterisk. b) 
relevant atomic distances and potential coupling pathways for Sn in part of SnTiO3 crystal structure. Blue 
and grey indicating Sn, red is O and white Ti. c) HETCOR 1H and 119Sn NMR showing the presence of 
protons only in proximity of SnO2 species (1H spectrum in Fig. S C.6).  
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5.2.6. 119Sn Mössbauer spectroscopy 
Figure 5.8a top shows the 119Sn Mössbauer spectrum for as-synthesized SnTiO3 with a 
quadrupole split signal of Sn2+ at δ = 2.9 mm∙s–1 and a signal with small isomer shift 
corresponding to SnO2 at – 0.02 mm∙s–1. In stark contrast to NMR and XRD, the amounts of SnO2 
identified are on the order of 15%, although Mössbauer spectroscopy is considered to show 
similar sensitivity to the bulk of the material, including the surface, as NMR spectroscopy. The 
discrepancy between the results of the two bulk sensitive methods 119Sn-NMR and Mössbauer 
spectroscopy from the same sample are surprising and no satisfying explanation for this 
observation can be offered at this stage. Notably, similar discrepancies have been observed by 
other groups studying tin(II) niobates before56.  
 
Figure 5.8. a) Experimental (data points) and simulated (colored lines) 119Sn Mössbauer spectra of SnTiO3 
as-synthesized (top) and after 5 days of exposure to 150 W mercury lamp (bottom), showing a Sn4+ 
species around 0 mms–1 and a quadrupole split signal of Sn2+ at 2.8 mms–1. b) Scheme showing anti-
bonding character of the lone pair according to the revised lone pair model by Walsh et al. c) MO-scheme 
showing inter-layer lone pair interactions, in which electron depletion of anti-bonding state leads to 
increasing Sn-Sn bonding. d) 119Sn Mössbauer spectra (78 K data) of different SnTiO3 samples: (top) thin 
film material, (middle) classical bulk material, (bottom) ground powder. The vertical line serves as a guide 
to the eye for distinguishing the isomer shifts. 
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Table 5.2. Fitting parameters of 119Sn-Mössbauer spectroscopic measurements at 78 K; δ = isomer shift, 
ΔEQ = electric quadrupole splitting, Γ = experimental line width. 
Compound δ (mm∙s–1) ΔEQ (mm∙s–1) Γ (mm∙s–1) ratio 
SnTiO3 as-synthesized (top) 
2.918(3) 1.449(5) 0.967(8) 84(1) 
– 0.02(1) 0.44(6) 1.02(7) 16(1) 
SnTiO3 after UV irradiation (bottom) 
2.912(2) 1.454(3) 0.961(5) 77(1) 
0.01(1) 0.48(2) 1.00(3) 23(1) 
SnTiO3 film (top) 
2.858(7) 1.41(1) 0.82(2) 86(1) 
– 0.01(4) 0.5(1) 0.9(2) 14(1) 
SnTiO3 classic (middle) 
2.917(3) 1.446(5) 0.958(8) 84(1) 
0.03(1) 0.42(6) 1.01(7) 16(1) 
SnTiO3 ground (bottom) 
3.175(2) 1.614(2) 1.400(4) 88(1) 
0.048(6) 0.52(2) 1.00(3) 12(1) 
 
The amount of Sn4+ further increases to 23 % by prolonged (5 days) exposure to UV light 
(Tab. 5.2). The light effect has been used in the past to selectively oxidize surface deposited SnCl2 
“sensitizers” on the micron scale by UV light70-72. It is not trivial to distinguish the effects of 
photons and local heating. However, as known from TGA experiments (Fig. S°C.5), SnTiO3 is 
stable to at least 100 °C in air, which is significantly above the temperatures expected by UV 
(150W mercury vapor lamp) light induced heating (~50 °C, personal communication). 
The presence of larger amounts of Sn4+ was further confirmed by total oxidation of 
as-synthesized SnTiO3 powder (Fig. S C.5). When assuming complete coverage of small SnTiO3 
platelets (200 x 200 x 50 nm) by a 3 nm layer of SnO2, assuming an extreme case of what had 
been identified in TEM only on few positions, a maximum of 20 mol% Sn4+ is present in the 
structure. This fits surprisingly well to the values found for Sn4+ by Mössbauer spectroscopy. Yet, 
with Sn4+ simply present as SnO2 at the surface, grinding should have further increased the Sn4+ 
fraction due to an increase in exposed surface area73. The ratio of Sn4+ to Sn2+, however, was not 
dependent on grinding of SnTiO3 (Fig. 5.8d), while the FWHM of the Sn2+ signal74, 75 did in fact 
increase. 
The evaluation of the Mössbauer signal assigned to SnTiO3 shows that the isomer shift is very 
close to values reported for SnO (2.7 mm∙s‑1)60 and is strongly dependent on sample history as 
we will discuss further down. Other Sn(II) compounds show shifts higher than 3 mm∙s–1, such as 
SnS73 with 3.25 mm∙s-1. Taking a look at the SnS crystal structure from the perspective of the 
revised lone pair concept, it is known that the p-orbital anti-bonding character is smaller in SnS 
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compared to SnO. This results from a higher s-orbital character and leads to reduced 
stereoactivity of the lone pair. The smaller stereoactivity in turn increases the electron density at 
Sn, mirrored in the strong isomer shift in the Mössbauer spectrum76. Following this argument 
SnTiO3 has strongly active lone pairs with relatively small electron density at Sn itself. The 
isomer shifts of other ternary compounds also are distinctly different from SnTiO3, for example 
SnNb2O657 has a shift of ~ 3 mm∙s–1 or Sn2Nb2O755 even at 3.2 mm∙s–1, or α- and β-SnWO477 with 
over 3.4 mm∙s–1. The only published Sn(II) titanium oxide is the Kegginite-type Pigment Orange 
8278, which also showed a shift of more than 3 mm∙s-1. SnTiO3 therefore behaves more similar to 
SnO than to other ternary Sn(II) oxides (compare also band alignment calculations in Fig. 5.3 b).  
In SnO it was calculated that the small isomer shift correlates with direct Sn-Sn interactions, 
which we have also seen for SnTiO3 both by DFT and as large coupling constant in 119Sn NMR. 
Direct Sn-Sn (lone pair) interaction has also been observed as a consequence of vacancies in 
amorphous Zn-Sn-O79 (a-ZTO) or as Ge-Ge bonding for amorphous GeTe or Ge4Se3Te80-82. In 
Fig. 5.8 b we show the simplified molecular orbital scheme of Sn 5s and O 2p for the oxidation 
(potentially also light-induced, see Fig. 5.8 a bottom) of Sn2+. When taking out electrons from the 
anti-bonding orbitals at the VBM (COHP analysis Fig. 5.1 c in DFT part), stabilization of the 
overall structure is achieved. More precisely, the drop in the iCOHP just below the Fermi level 
for the Sn-O interactions indicates that oxidation can additionally stabilize the structure. The 
direct Sn-Sn interaction also profits from a slight lowering of the Fermi level. This would 
correspond to the MO theory picture of lone pairs only interacting stronger than van der Waals 
bonds in case that not every single electron is paired and thus of non-bonding nature 
(Fig. 5.8b, c). Single layers of rock-salt BiSe have recently been shown to be stabilized by 
depopulation of anti-bonding Bi-Se states by introduction of additional electron accepting 
layers83. Biswas et al.84 showed the corresponding case for Cu2ZnSn(IV)S4 in which the reduction 
from Sn4+ to Sn2+ and the occupation of lone pair states did increase the Sn-Sn distances due to 
increasing anti- or non-bonding interactions. One would also expect relaxation of the 
crystallographic structure upon changes in oxidation state for SnTiO3, if present in substantial 
amounts. However, the presence of stacking faults in SnTiO3 does not allow assessment of 
detailed structural parameters, i.e. local distortions by Rietveld refinement or similar methods. 
The specific observation of a change in isomer shift to higher values after grinding can also be 
rationalized by the found Sn-Sn bonding. These weak interlayer bonds are affected strongly by 
grinding. Hence, the introduction of even more stacking faults (compare high-pressure phase 
transition at below 1 GPa in chapter 4) might in fact lead to redistribution of electrons such that 
they are of more Sn s-orbital (higher isomer shift) and less bonding Sn-Sn character. Küpers et 
al. have suggested this type of “electron reshuffling” from anti-bonding orbitals into direct Ge-Ge 
bonding as the reason for stabilization of the hexagonal Ge4Se3Te81. Another explanation 
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involves overlapping of two different Sn species (for example close to the surface and bulk), 
leading to a seemingly broadened line width and a change of isomer shift due to a change in the 
respective fraction. Importantly however, the shift to higher isomer shifts corresponds to more 
reduced “Sn2+”, which would mean that grinding counterintuitively induced reduction instead of 
oxidation. Whether applying a more local picture of two Sn species with slightly different 
oxidation states or a band-like picture in which some of the Sn2+ dominated VBM is partially 
“oxidized” in SnTiO3, will depend heavily on the dynamics of the hole transport and detailed 
spectroscopic analysis is required.  
Any redox-chemistry involving reduced Ti3+ to explain Sn oxidation is unlikely85, and EELS and 
NMR have shown very clean Ti4+ environments18. Moreover, no magnetic moments could be 
measured for SnTiO3 (unpublished, private communication). A potential partial oxidation can 
thus only involve charge transfer (charge self-regulation86) between O, Sn and the respective 
vacancies. For example it has been shown that neutral VO are a stable configuration next to Sn2+, 
which means they lose their electron donating ability and do not obtain their typical positively 
charged state87. Moreover, Dalpian et al.88 have shown how, for perovskite-type CsSnI3 and 
closely related double-perovskite Cs2SnI6, the induction of Sn vacancies and hence (formal) 
oxidation state increase to Sn4+ leads to surprisingly low change in actual charge density around 
the Sn. They explain this by s-orbital electron depletion on Sn while at the same time 
“backfilling” occurs into Sn p-orbitals. Xiao et al.89 even argued that the oxidation state of Sn in 
this compound was more closely to Sn2+ than the intuitive Sn4+, due to formation of two ligand 
holes instead. 
Taking into account the formation of direct Sn-Sn interactions in SnTiO3, we propose that Xiao 
and Dalpian both describe the depletion of the anti-bonding interaction at the VBM by either 
taking electrons out of the 5s orbital at Sn or the hybridizing O 2p orbitals (Fig. 5.8b, d). This 
picture would be in complete consistency with the revised lone pair model by Walsh, which 
emphasizes the fact that the lone pair electrons are constituted of both cation and anion 
contributions.  
5.2.7. Excitation probabilities and photoluminescence 
Independent of potential surface or bulk oxidation of Sn2+, the transition probabilities are highly 
dependent on local symmetries of the involved orbitals, which in turn can affect the quantum 
yield for H2 evolution. It has been shown that by calculation of the dipole transition matrix 
elements it is theoretically possible to rationalize the different absorption behavior of GaAs or 
Cu2O. Experimentally, SnWO4, which has transition metals dominating the CBM and the Sn lone 
pairs dominating the VBM, is a good example in which it has been shown that excitations from 
deeper in the valence band are more efficient47.  
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When looking at the transition probabilities similar to Cu2O or GaAs90, no unusual features can 
be identified for SnTiO3 (data not shown). In Figure 5.9b we have calculated the absorption 
coefficients for VBM to CBM excitations parallel and perpendicular to the layers of SnTiO3. The 
absorption coefficients correlate well with the joint density of states (JDOS) for most parts, 
except for one feature at about 3.2 eV. This transition corresponds to the onset potential of O 2p 
orbitals as seen from the orbital selective DOS (Fig. 5.1d) and can even be found in the 
absorption spectrum of SnTiO3, where an additional absorption increase can be found starting at 
energies around 3.2 eV ( < 400 nm) (see Fig. 5.9a and b orange line). 
 
Knowing the high stereochemical activity of SnTiO3 from Mössbauer spectroscopy, it is possible 
to rationalize the “observations” made from DFT. While the lone pair of high s-character as 
found in SnWO4 has to “obey” the selection rules more strictly upon excitation into the 
W 5d-orbital, the lone pair in SnTiO3 is of stronger p-character and thus satisfies the required 
imparity in quantum numbers (compare to Laporte rule in coordination chemistry). Although 
the crystal symmetry (influencing direct vs. indirect band gap etc.) is also relevant in this 
context, we can conclude that charge excitation efficiencies – likely correlating with H2 evolution 
rates – in SnTiO3 are not strongly influenced by transition probabilities in first approximation. 
Only the transitions from orbitals with even higher p-orbital character and thus higher imparity 
with regards to the Ti 3d-orbital in the “pure” O p-orbitals induced a slightly increased excitation 
probability (Fig. 5.9b). As we have observed, indeed the O2 evolution was dependent on UV-light 
(Fig. 5.2c). It remains open whether holes generated in O 2p dominated bands of SnTiO3 or holes 
generated in surface SnO2 are really favored to reach the catalyst’s surface compared to holes 
formed in Sn 5s dominated bands of SnTiO3.  
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Figure 5.9. a) Absorptance behavior of SnTiO3. b) Calculated (DFT-GGA) absorption coefficients vs. joint 
Density of States for SnTiO3 with increased absorption coefficient at 3.2 eV corresponding to the onset of 
O 2p orbitals in the partial DOS. c) Photoluminescence spectra of a SnTiO3 sample at two different 
excitation wavelengths, d) photoluminescence spectra from powder covered with SnO2, including the 
reference measurement of SnO2 under the same conditions; note that at the same wavelengths in c) we 
also find small peaks.  
The luminescence behavior of SnTiO3 is complicated to assess due to small emission intensities 
and their dependency on sample history and preparation conditions. Only in one case it was 
possible to obtain photoemission spectra at a wavelength correlating to the band gap of SnTiO3. 
In most other cases either the luminescence of surface SnO2 dominated (Fig. 5.9d) or no signal 
could be obtained at all. In the case when photoluminescence was observed the emission 
maximum was at 630 nm (Fig. 5.9c), corresponding to an energy of 1.97 eV. Two small 
additional – potentially defect related – emissions are observed at 674 nm (1.84 eV) and 827 nm 
(1.5 eV). The sample that showed these emissions was of relatively large particle size. Possibly 
the relatively small surface area and thus smaller amounts of surface SnO2 made observation of 
these features possible.  
Another more speculative explanation goes along with Kim et al.91. They showed that the 
formation of anion vacancies in Cu2ZnSnS4 may allow for charge reordering and emerging in-gap 
states from Sn4+ 5s-S2- 3p anti-bonding orbitals. The delicate charge balancing between vacancies 
and a multivalent element such as Sn is very difficult to access and much of the discussion 
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provided here remains on a qualitative level. As stated above, only the detailed assessment of 
vacancy formation energies under different synthesis conditions and subsequent relaxation of 
electronic and crystallographic structures will allow for detailed understanding of the 
optoelectronic properties. It is indeed known from Cu2ZnSnS4 that the presence of in-gap states 
caused by oxidation of Sn2+ to Sn4+ through light (and also through synthesis) leads to Shockley-
Read-Hall recombination92, which is non-radiative and could therefore explain why most 
samples of SnTiO3 did not show emission. This is further underlined by the fact that prolonged 
treatment with UV light did in fact increase the amount of SnO2 present in the sample 
significantly (Fig. 5.8a bottom). One could speculate that the formation of defect or vacancy 
states within bulk SnTiO3 is occurring simultaneously, for example similar to other lone pair 
materials showing charge trapping phenomena. Cortecchia et al.93 discuss the charge trapping of 
both electrons and holes on Pb2+. While electron trapping forms Pb23+-dimers, holes can be 
trapped as Pb3+. Pb3+ as hole traps have been considered as early as 1993 by Robertson et al. for 
PZT94 and thus known not only for hybrid perovskite-type materials. 
   
5.3. Conclusions 
We conclude that SnTiO3 is an example for an ideal photocatalyst on paper, but despite the 
promising prerequisites such as very low hole effective masses and a close-to-ideal band gap, 
shows low photocatalytic activity. We identify Sn4+ species – predominantly in the form of SnO2 - 
to be present on the surface, which influences the charge transfer efficiency to the electrolyte. 
We could rationalize the tendency to oxidize by the very low ionization potential of SnTiO3. 
Moreover, the anti-bonding nature of Sn-O bonds at the VBM favor partial (bulk) oxidation and 
direct interlayer Sn-Sn interactions. SnTiO3 thus has significant 3D character and charge 
separation similar to other (internal) heterojunction materials will not be efficient. We therefore 
conclude that it remains challenging to design photocatalysts using lone pairs as their positive 
properties come along with relatively low stability.   
 




Synthesis of the material was carried out as described before18. First K2CO3 and P25 (TiO2) were 
thoroughly ground and then reacted at 600 °C for 12 hours to form a potassium titanate 
precursor. We realized that use of hydrated precursors (K2CO3 ∙ 1.5 H2O) was advantageous for 
the further reaction. Subsequently the precursor was ground together with SnCl2  ∙ 2 H2O until an 
amorphous lemon yellow powder formed. This powder was transferred into an ampule and 
dehydrated in two steps: 2.5 hours at 130 °C and then another 2.5 hours at 200 °C under 
dynamic vacuum respectively. Eventually the powder was heated at 300 °C for 24 hours under 
static vacuum. For removal of the KCl the obtained SnTiO3 powder was washed twice with H2O 
and once with Ethanol. 
5.4.2. H2 evolution (HER) 
For stable H2 evolution over more than 10 hours it was crucial to stabilize the suspension. Here 
it proved practical to work in 0.1 M KOH solution as too acidic conditions would dissolve the 
SnTiO3 catalyst and the point of zero charge was determined to be around pH = 7. As stable 
suspensions are usually obtained at zeta potentials of over ±20-30 mV95 the choice of relatively 
basic conditions was reasonable, despite the increasing thermodynamic requirements. 30 mg of 
lightly ground SnTiO3 were therefore dispersed in an aqueous solution of 0.1 M KOH and 
10 vol% methanol solution. After sonication for 5 min the dispersion was added to the top 
irradiation photoreactors. Subsequently, H2PtCl6 · 8 H2O was added to obtain the desired Pt 
amount and finally the whole reactor was degassed. Under constant stirring and held at 25 °C by 
a Lauda thermostat, each reactor was irradiated at not more than 1 sun (100 mW/cm2) by a 
300 W Xe-spectrum filtered through a Thorlabs 420 nm–cut-off visible light filter. The H2 gas 
was detected by a gas chromatograph (Thermo Scientific TRACE GC Ultra) with customized  
on-line sample injection and Ar carrier gas and TCD detector. 
5.4.3. O2 evolution reaction (OER) 
For the O2 evolution reaction 7.5 mg of the Pt-modified SnTiO3 (used for H2 evolution 
experiments before) were suspended in 5 mL of a 0.1 M KOH solution with Na2S2O8 (1 mmol) 
and 12.5 µL of 2 mM Co(NO3)2·6 H2O stock solution. The suspension was then held under 
constant Ar flow of 20 mL/min until the background O2 evolution was below 2 ppm. For 
irradiation we used full spectrum 300 W Xenon lamp at 120 mW/cm². A temperature corrected 
PreSens Oxygen sensor was used for O2 evolution from the solution. Additional addition of 
methanol quenched the O2 evolution, indirectly proving hole transfer onto the electrolyte (H2O). 
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5.4.4. Photoelectrochemical Characterization (PEC) 
FTO electrodes (7 Ohm) were contacted with Cu wire and silver paste and epoxide resin covered 
the contact points. The powder was applied by drop casting thick ethanolic suspensions of 
SnTiO3. Subsequently the electrodes were annealed in dynamic vacuum at 250 °C. The electrode 
was measured in a custom-built electrochemical cell with quartz window. Due to the small 
amounts of catalyst on the electrodes, high light intensities of up to three suns had to be applied. 
The electrolyte was 0.1 M KOH.  
5.4.5. UV-Vis spectroscopy and photoluminescence 
Absorptance and photoluminescence spectra were obtained on a FLS1000 Photoluminescence 
Spectrometer (Edinburgh Instruments) from powder samples.  
5.4.6. X-ray photoelectron spectroscopy XPS 
X-ray photoelectron spectra were obtained on an Axis Ultra system (Kratos) with a 
monochromatic Al Kα source. Detail scans were acquired with a pass energy of 20 eV. Samples 
were prepared by pressing the powders into indium foil. The peaks were fitted after subtraction 
of a Shirley background. A Gauss/Lorentz ratio of 30% was used for all peaks and the full width 
half maximum was used as a free fitting parameter. For sputtering an Ar+ source was used at 
4 kV. 
5.4.7. X-ray powder diffraction (XRPD) 
The powders were measured using Mo Kα-radiation on Stoe Stadi P equipped with Mythen 
1K-detector. Rietveld refinement was performed using the TOPAS 6.0 program96 using a 
structural model previously published18. 
5.4.8. Nuclear Magnetic Resonance spectroscopy (NMR) 
For solid-state NMR measurements a Bruker Advance III 400 MHz (B0 = 9.4 T) instrument was 
used. The powders were measured by magic angle spinning, with rotation speeds given in the 
respective figures. The field for 119Sn NMR was set at 149.21 MHz. 1H NMR spectra were 
collected at 500.25 MHz. 
5.4.9. 119Sn Mössbauer spectroscopy 
A Ca119mSnO3 source was used for the 119Sn Mössbauer spectroscopic investigation. The samples 
were placed within thin-walled PMMA containers. A palladium foil of 0.05 mm thickness was 
used to reduce the tin K X-rays concurrently emitted by this source. The measurements (ca. 1 d 
counting time per spectrum) were carried out at 78 K, while the source was kept at room 
temperature. The spectra were fitted with the “WINNORMOS FOR IGOR” program package97. 
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5.4.10. Density Functional Theory (DFT) 
All calculations regarding SnTiO3 were performed assuming the idealized ABC-type stacking, 
unless otherwise stated. 
Ab initio calculations on the idealized ABC-stacking of SnTiO3 (R?̅?, #148), the black litharge 
(P4/nmm, #129) and red (Cmc21, #36) polymorphs of SnO, rutile SnO2 (P42/mnm), and foordite 
SnNb2O6 (C2/c, #15) were performed with the Vienna Ab initio Simulation Package (VASP) 98-101, 
which implements the Kohn–Sham formulation of density functional theory (DFT) using a plane 
wave basis set and the projector augmented wave formalism102, 103. The generalized gradient 
approximation exchange and correlation functional of Perdew, Burke, and Ernzerhof (GGA–PBE) 
was employed104. Electrons were included in the valence as follows: Sn, 5s24d105p2; O, 2s22p4; Ti, 
3s23p64s24d2; Nb, 4s24p65s24d3. The plane wave basis set cutoff energy was 600 eV for all 
calculations. Calculations of the electronic band structure and density of states for ABC-SnTiO3 
revealed negligible influence of spin-orbit coupling (SOC) even for row 5 Sn, particularly in the 
occupied states, and SOC was omitted from band alignment and COHP calculations. 
Momentum-space integration was performed on Γ-centered Monkhorst–Pack grids105 with 
densities of 1500 – 2200 k-points per reciprocal atom for relaxations and static calculations of 
the total potential. This mesh density was preserved in the in-plane directions for slab 
calculations. Denser grids of 10,000 – 18,000 k-points per reciprocal atom were used for COHP 
and DOS calculations. 
Bulk atom positions were relaxed to a force tolerance of 10 meV Å–1, while lattice parameters 
were fixed to those observed in experiment. Van der Waals corrections were included using the 
DFT-D3 method with Becke-Johnson damping106, 107. 
Band alignments were computed following the method of Van de Walle and Martin108. The 
valence band maximum observed in the bulk was referenced to vacuum potential of the slab 
calculation via the common reference of the average electrostatic potential (ionic and Hartree 
contributions) in the bulk and slab interior. In agreement with other works, results were found 
to be insensitive to the additional inclusion of the XC contribution to the local potential. 
Slabs were constructed [(001) for SnO and SnTiO3, (100) for SnNb2O6, (110) for SnO2] using the 
method of Sun and Ceder109 as implemented in pymatgen110. Vacuum thickness was 40 Å, and in 
all cases terminations which preserve centrosymmetry were selected. The outer layers of each 
slab were relaxed to a force tolerance of 10 meV Å–1, with the interior layers fixed to the 
structure of the relaxed bulk. 
The LOBSTER program111 was employed to compute the crystal orbital Hamilton populations 
(COHPs)112 and orbital projections of the DOS. Manipulation of crystal structures and LOBSTER 
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outputs was performed with the pymatgen package110. Crystal structures and electron 
localization functions (ELF)113, 114 were visualized with VESTA115. 
Frequency-dependent dielectric functions were computed via the method of Gajdoš and 
coworkers116 as implemented in VASP and subsequently transformed to absorption spectra. 
Calculation of the joint DOS (JDOS) from VASP eigenvalues and visualization of transition dipole 
matrix elements was achieved via custom python code. 
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6. Conclusions and Outlook 
The synthesis of SnTiO3 was for the first time made possible by the use of a soft chemistry 
approach, which enabled the examination of the role of lone pairs with regards to stacking faults 
and local crystal structure distortions. Two perovskite-type SnTiO3 polymorphs were 
computationally predicted as high-pressure modifications. Indeed, the application of high 
pressure on SnTiO3 enabled three phase transitions, however, none of them clearly led to the 
emergence of a perovskite-type structure. Functional analyses revealed visible-light 
photocatalytic activity for H2 evolution of SnTiO3, which is relatively low due to the hampering 
effect of surface and bulk Sn4+ as well as direct interlayer Sn-Sn interactions, but correlates well 
with the very low hole effective masses and a close-to-ideal band gap.  
The results of this thesis underline the importance of lone pair materials as model systems to 
study structure-property-relationships. The challenges posed by lone pairs, such as stacking 
faults, rendering single-crystal growth challenging and the convolution of bulk and surface 
effects (such as presence of Sn4+), necessitate a kaleidoscope of different specialized analysis 
techniques. Yet, lone pairs open up a variety of opportunities due to their extremely rich 
structural, electronic and catalytic chemistry. The close examination of SnTiO3 allowed for deep 
insight into the exact role of the lone pairs in both electronic and crystallographic structure. 
As shown by the synthesis of the novel tin titanate SnTiO3, new lone pair materials are accessible 
through low temperature, soft chemistry reactions. If suitable layered potassium compounds of 
Sn, Zr and possibly Ge are found, the established synthesis route may allow for a further 
expansion of the phase space of Sn(II) compounds. Similar to mixed valence Sn(II)/Sn(IV) 
systems which were theoretically studied before, these new compounds potentially offer unique 
chemistry and application as switchable n- to p-type semiconductors1-3. Furthermore, the 
extremely low hole effective masses of < 0.2 me together with the band gap of ~ 1.8 eV promise 
potential application as p-type transparent conducting oxide, if suitable ways of increasing the 
band gap will be found. 
This work shows that the nature of the interlayer interactions in SnTiO3 does not allow for real 
exfoliation, as the direct interlayer Sn-Sn interactions on the order of ~ 25 kJ/mol (as obtained 
computationally) make SnTiO3 a material of surprisingly strong 3D character. A feasible way to 
nevertheless realize thin films might involve low-energy input PLD4. Furthermore, the redox 
chemistry offered by the multivalent Sn, potentially allows for ion intercalation reactions, 
especially in the light of rich battery literature for tin sulfides5. In this context, it is of high 
 
 6. Conclusions and Outlook  
107 
priority to understand how surface SnO2 grows and if ions trying to intercalate into the bulk are 
fully blocked by this surface shell. 
Understanding the direct interlayer Sn-Sn interactions (DFT Chapter 5) allows for rationalizing 
the found stacking faults in SnTiO3 and especially their range (XRPD Chapter 2). As discussed for 
other chalcogenides6, the direct interaction of the cations is possibly of longer range than the van 
der Waals gaps suggest, transferring the “memory” of a layer to the next nearest layer. Sn lone 
pairs seem to additionally induce medium-range interactions, which are intermediate between 
stronger bonding as shown for Ge-Ge6, and weaker van der Waals gaps as found in BiI37. 
Potentially, other 2D lone pair systems have similar types of stacking faults showing an extended 
range in contrast to more random antiphase boundaries. 
Moreover, SnTiO3 can be thought of as a pseudobinary phase of SnO and TiO2 and as such as part 
of the pseudobinary row from (SnTe)x(TiTe2)y (not realized yet), (SnSe)x(TiSe2)y8-9 and 
(SnS)x(TiS2)y10 epitaxially grown heterostructures (with x and y = 1). Sn(II) chalkogenides are 
isovalent to group 15 elements, which have long been shown to obtain Peierls-distorted 
structures (A7-structure type of As, Sb and Bi), and are proposed as examples for metavalent 
(sub-stoichiometric metallic) bonding11-13. For obvious reasons, direct conclusions from simple 
correlation need to be taken with care and the exact interactions will need to be studied in more 
detail for the case of SnTiO3. Especially, as the TiO2 sublayer in SnTiO3 has cation “vacancies” due 
to shared oxygen with Sn. No such shared anions are found in the before mentioned epitaxially 
grown heterostructures of selenides and sulfides, which are forming structures deduced from 
the α-Po-type or NaCl-type. Still, thinking of SnTiO3 as part of this row of heterostructures, 
allows for a new direction to study these binary heterolayers. Heterostructures of the shown 
type are usually discussed in the context of thermoelectrics and high-κ dielectrics. The latter has 
also been theoretically considered for SnTiO3 in this work (Chapter 3). Consideration of SnTiO3 
as a pseudobinary heterostructure, make it an interesting candidate for realizing real bulk 
properties in solids by rational design. 
Regarding the use of SnTiO3 in photocatalysis, the advantages initially expected regarding light 
absorption as well as charge transport and separation are outweighed by disadvantages 
regarding defect formation and surface instability. Especially, the intrinsic instability of Sn2+ lone 
pairs suggests that internal heterojunctions may remain feasible in principle, but only by using 
more stable lone pair compounds. If, however, it is possible to stabilize the lone pair state, by for 
example charge transfer from a substrate14, SnTiO3 remains a viable candidate for hole 
transport, if not catalysis of oxidation half-reactions in general. One of the most important next 
steps for the improvement of this material is to understand the “on-site” vacancy/defect 
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chemistry, which will require detailed calculation of charged defects and their delicate equilibria 
in different synthesis and application environments.  
The Sn2+ lone pairs induce distortions of TiO6-octahedra (NMR/EELS Chapter 2), which is fully in 
line with the picture of classical ferroelectrics. However, the neighboring octahedra’s dipole 
moments cancel each other out (SHG in Chapter 4). As SnTiO3 does not form a heterostructure in 
the sense of (SnSe)x(TiSe2)y8-9, the anion is highly important for the formation of the lone pair 
and hence the local distortions. We thus conclude that the emphasis on the lone pair constituting 
A-site cation is decisive for realization of ferroelectricity15-17.  
High-pressure experiments (Chapter 4) have expanded the phase space around ilmenite-type 
derived SnTiO3. Strong compression of the ultra-soft oxide SnTiO3 (XRPD Chapter 4) further 
supports the presence of of Sn-Sn interactions and their influence on the stacking sequence. 
However, also perovskite-like SnTiO3 phases may be realized after creation (and examination) of 
the pressure- and temperature-dependent phase diagram, yet being so much distorted that no 
ferroelectricity (soft phonons Chapter 3) is expected. The study of the high-pressure phase 
transitions and phonon behavior again supports the strong influence of A-site cations on the 
rattling behavior of octahedrally coordinated Ti4+ in ferroelectrics. 
Taken together, the identified structure-property-relationships of SnTiO3 position it as a link 
between the world of 2D transition metal chalcogenides and the world of 3D perovskite solid 
state chemistry and is as such unique. This work fundamentally improves our understanding of 
lone pair electrons in solids and therefore promises further revelation of structure-property-
relationships and interesting applications thereof.  
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A.1 Synthesis 
First, K2CO3 (BerndKraft GmbH > 98%) and P25 (TiO2) (Aldrich ≥ 99.5 %) were thoroughly ground 
and then reacted at 600 °C for 12 hours to form a potassium titanate precursor. Subsequently, the 
precursor was ground together with SnCl2 ∙ 2 H2O (Sigma-Aldrich > 98% / Grüssing GmbH 
99.5 %) until a lemon yellow powder formed. This powder was transferred into an ampoule and 
dehydrated in two steps: 2.5 hours at 130 °C and then another 2.5 hours at 200 °C under dynamic 
vacuum. Eventually, the powder was tempered at 300 °C for 24 hours under static vacuum until 
SnTiO3 formed. For removal of KCl the obtained red SnTiO3 powder was washed twice with H2O 
and once with Ethanol.  
Synthesis of the corresponding titanates (Pb, Fe, Mg, Zn and Cd) was carried out using similar 
steps and a reaction temperature of 600 °C. Only SrTiO3 was synthesized directly from a reaction 
of TiO2 and SrCO3 at 800 °C. 
The obtained stoichiometry of the red SnTiO3 was confirmed by ICP-AES analysis (Tab. S A.1). The 
oxidation state +II of Sn was indirectly proven by oxidation of SnTiO3 in air according to eq. (1) 
 (eq. 1) SnTiO3 + ½ O2                 SnO2 + TiO2 
 
, observed by TGA analysis. The obtained weight increase of ≈ 5 wt% is in decent accordance with 
a theoretical value of ≈ 7 wt%. The small deviation can be explained by partially preoxidized 
surface species.  
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A.2 ICP-AES 
For elemental analysis a VARIAN VISTA RL CCD Simultaneous ICP-AES was used. 
Table S A.1. Elemental analysis by ICP-AES of different washed batches of SnTiO3. Obtained values are 
converted to mmol by dividing by the corresponding atomic mass. 
 K (mmol) Sn (mmol) Ti (mmol) 
SnTiO3 – I  4.54 4.20 
SnTiO3 – II  2.54 2.70 
SnTiO3 – III 0.04 4.36 4.31 
 0.04 3.81 3.74 
A.3 TGA 

































Figure S A.1. TGA measurement of SnTiO3 in air, showing the weight increase due to oxidation of Sn2+ at 
about 350 °C as indicated by a black arrow. 
A.4 TEM 
The samples were prepared from a sonicated mixture of the powder sample with pure ethanol. 
This mixture was drop cast onto a copper grid with a holey carbon film. Low-loss EELS acquisition 
and Cs corrected STEM images were acquired with a FEI TitanThemis 60-300 equipped with an 
aberration-corrector for the probe-forming lens system, a high brightness field emission (XFEG™) 
source, a monochromator and a high-resolution electron-energy loss spectrometer (Gatan 966 
GIF) operated at 300 kV.  
EELS data were acquired in monochromated STEM spot mode featuring an energy resolution of 
0.2 eV. A dispersion of 0.1 eV was used for the spectrum acquisition. Subpixel-scanning and short 
acquisition times were used to avoid electron beam induced damage of the sample.  
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A.5 XRPD 
A Stoe STADI P diffractometer (MoKα1 radiation, Ge(111) monochromator, Mythen detector) was 
used for powder diffraction measurements in Debye-Scherrer geometry. The program package 
TOPAS 6.0 was for structure refinement. 
A.6 Crystal structure details 
Table S A.2. Refined atomic coordinates of a layer in the crystal structure of SnTiO3 at ambient conditions. 
site occ xa ya za,b site occ xa ya za,b 
Ti(1) 1 0 0 0.0014(26) Ti(2) 1 ⅔ ⅓ – 0.010(28) 
Sn(1) 1 ⅓ ⅔ – 0.320(2) Sn(2) 1 ⅓ ⅔ 0.322(2) 
O(1a) 1 ⅓ 0 0.160(12) O(2a) 1 ⅓ ⅓ – 0.140(10) 
O(1b) 1 0 ⅓ 0.160(12) O(2b) 1 ⅔ 0 – 0.140(10) 
O(1c) 1 ⅔ ⅔ 0.160(12) O(2c) 1 0 ⅔ – 0.140(10) 
a For creation of stacking types, the layers have to be added by using the stacking vectors given in eq. 2. 
b The z-coordinates are given for a unit cell containing one layer, i.e. c = 6.8961(3) Å. For the creation of 
different stacking patterns, they must be divided by the total number of layers in the cell. 
In all five crystal structures the layers are described by two tin sites, two titanium sites and six 
oxygen sites from which three are positioned at the top and three at the bottom site of the layers. 
The coordinates were refined in real space, in order to keep an identical layer constitution within 
one polytype and throughout all polytypes. In addition, the z-coordinates for the three oxygen 
sites at the top and the three oxygen sites at the bottom site of the layers were constrained, as 
well. The only parameters that were refined for each polytype individually were the scale factors 
to account for the different relative frequencies of the stacking patterns and the crystallite size 
parameters to account for different expansions of the coherently scattering domains. 
Table S A.3. Atomic distances in SnTiO3 at ambient conditions. 
Atoms Distance/ Å Atoms Distance/ Å 
Ti(1)-O(1) 1.99(9) x3 Sn(1)-O(1) 2.10(4) x3 
Ti(1)-O(2) 1.98(10) x3 Sn(1)-O(2) 3.97(8) x3 
Ti(2)-O(1) 1.92(10) x3 Sn(2)-O(1) 2.03(5) x3 
Ti(2)-O(2) 2.05(11) x3 Sn(2)-O(2) 4.08(6) x3 
A.7 Structural derivation of possible stacking faults 
The stacking order of the layers in SnTiO3 is determined by the positions of the Sn2+ ions, in 
particular by their electron lone pairs. Due to the repulsive interaction between an electron lone 
pair and a negatively charged O2- ion, a stacking order appears to be energetically favorable that 
provides a maximization of the distances between electron lone pairs and oxide ions of adjacent 
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layers. Hence, one of the Ti4+-ions of layer i+1 must be situated exactly above the Sn2+-site of the 
preceding layer i. According to the honeycomb structural motif (Figure 2.2a) six stacking vectors 
are theoretically possible, but due to the trigonal symmetry of the honeycomb only two of them 
are non-symmetry-equivalent: stacking in ⅔x- and ⅓y-direction, S1, and stacking in reverse 
direction: ⅓x and ⅔y, S2 (eq. 2).  
 
Figure S A.2. Hypothetical stacking orders in the crystal structure of SnTiO3 with the basic stacking types 
ABAB (a), ABC (b), ACB (c) and twinning with different ranges: ABCB (e) and ABCACB (d). 
Taking the two possible stacking vectors into account, several basic stacking orders can emerge 
(Figure S A.2). An arrangement of the stacking vectors S1 and S2 in an alternating fashion leads 
to an ABAB-like stacking order (Figure S A.2a), whereas stacking by only S1 or S2 leads to an ABC- 
(Figure S A.2b) and ACB-type (Figure S A.2c) stacking order. The transition from stacking vector 
S1 to S2 can also be regarded as a 120° twin along the c-axis. If twinning has a certain range, more 
basic stacking types can be derived, such as the ABCB-type, which refers to a range of 1 layer 
(Figure S 2d) or the ABCACB-type referring to a range of 2 layers (Figure S A.2e).  
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A.8 DIFFaX-Simulations (Experimental) 
XRPD pattern of stacking faulted SnTiO3 were simulated by using the DIFFaX-routine1 in recursive 
mode. For the simulation the refined layer constitution was used. The peak profiles were 
simulated using Pseudo-Voigt functions. With respect to the layer constitution only two stacking 
vectors are feasible: 



















with N being the total number of layers in the unit cell.  
Various faulting models using different combinations of the stacking vectors S1 and S2 were 
simulated. Crystallographic intergrowth between ABC-type (stacking vector: S1), ACB-type 
(stacking vector: S2) and AB-type stacking (stacking vector: S1 and S2 in alternating fashion) was 
simulated by using a 4 x 4 transition probability matrix (Table S A.4) with variable parameters, x 
and y, for the extension of the coherently stacked sections. 
Table S A.4. Transition probability matrix with associated stacking vectors (eq. 2) for the simulation of 
crystallographical intergrowth among ABC-, AB- and ACB. The extension of the AB-stacked section is 
described by the parameter x and the transitions among ABC/ACB-type and AB-type stacked section is 
described by the parameter y. 
Transition 
From ↓/ to → 
ABC-type 
AB-type ACB-type 























































Additional simulations were also carried out in which each transition from S1- to S2-stacking was 
considered as a fault that may obtain a certain range, in such a way that after the occurance of a 
fault a minimum number of layers must be faultless. This was realized by 2i x 2i transition 
probability matrixes (Table S A.5) in which i-1 is the range of a fault and the variable parameter s 
(sharpness) being the probability of an additional fault after the minimum faulting range. 
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In each case a cohort of simulations was carried out in which only one parameter was varied 
systematically. 
Table S A.5. Transition probability matrix with associated stacking vectors (eq. 2) for the simulation of 
faults that obtain a certain range (i-1). The sharpness of the range is described by the parameter s. 
Transition 
From ↓/ to → 
ABC-type Fault ACB-type 























































































































A.9 DIFFaX-Simulations (Results) 
Consequently, crystallographic intergrowth of ABC-/ACB- and AB-type stacked sections was 
simulated (Figure A.3b). The increase of the size of the AB-type stacked domains leads to a slight 
broadening of several reflections, i.e. 101, 104, 015 (for pure ABC-/ACB-type stacking). At a 
certain expansion of the AB-type stacked domains (Figure A.3b deep blue pattern, x = 0.20) 
additional reflections appear that sharpen during further increase of the domains. These 
additional reflections lead to the appearance of the characteristic reflection triplets at ≈ 9, 12-14, 
20-21 and 26-27 ° 2θ. The reflections in the measured pattern (Figure A.3 blue line) that are 
associated with the 012 and 014 reflections of AB-type stacking (Figure A.3, green pattern) are 
broad and have little intensity, which suggests a small extension of the AB-type stacked domain. 
This is in contrast to the peaks associated with the 103, 023 and 213 reflection of AB-type stacking 
(Figure A.3, green pattern), which are sharp and have a high intensity suggesting a large expansion 
of these domains. In consequence the simple microstructural model containing AB-type stacking 
with a large coherently scattering domain size is not entirely correct. 
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Figure S A.3. Comparison of simulated XRPD patterns of stacking faulted SnTiO3 that exhibits 
crystallographic intergrowth of ABC-/ACB-stacked sections with AB-type stacked sections with the 
measured pattern. For the simulations the extension of the ABC-/ACB-stacked domains was kept constant 
and the extension of the AB-type stacked sections was gradually increased. 
 
If each transition of the stacking vector from S1 to S2 and vice versa is considered as a fault in 
terms of twinning, each twinning domain may have a certain expansion. In consequence, each fault 
has a certain range. Various simulations of twinning using different ranges were carried out 
(Figure S A.4). When the range is set to 0, twinning occurs purely statistically, accordingly an 
increasing fault probability leads to vast reflection broadening (Figure S A.4a). A further increase 
of the fault probability finally leads to transformation of the ABC/ACB-type XRPD pattern into an 
AB-type pattern. By increasing the range, the peak broadening due to an increase in fault 
probability is less pronounced (Figure S A.4b-d). Also the characteristic peak triplets at ≈ 9, 12-
14, 20-21 and 26-27 ° 2θ occur in the simulated patterns. The greatest similarity between 
measured and simulated XRPD pattern is achieved by a range of 2 (Figure S A.4c, red pattern).  
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Figure S A.4. Comparison of simulated XRPD patterns of stacking faulted SnTiO3 that exhibits 120° twining 
along the c-axis with the measured pattern. For the simulations the fault probability, the sharpness of the 
range was gradually increased. Ranges of 0 (a), 1 (b), 2 (c) and 3 (d) layers were applied. 
In summary, the presented DIFFaX simulations show that coherently scattering domains in which 
the layers are stacked in an ABC-/ACB- and AB-type pattern, as well as twinning domains of 
substantial extent are apparent in the microstructure of SnTiO3.   
 
A.10 Microstructure Description by a Multiphase Approach 
As the DIFFaX simulations suggest the presence of several coherently scattering domains, showing 
a homogeneous stacking order, the microstructure of the sample can be described by 
superposition of several phases. Hence, in a Rietveld-refinement (Figure S A.5) the measured 
XRPD pattern was refined by using separate phases of SnTiO3, each representing a different 
stacking order. An identical layer constitution for each phase is used. The only parameters that 
were refined individually were crystalline size parameters for describing the expansion of 
coherently scattering domains. In the Rietveld-refinement besides SnTiO3 phases for describing 
the basic stacking orders ABC, ACB and AB, also two phases describing twinning domains, ABCB 
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and ABCACB are used. In addition, the crystal structures of SnO2 and K2Ti8O17 were included as 
impurity phases.  
 
Figure S A.5. Final Rietveld refinement of the measured XRPD pattern of SnTiO3 by using a multiphase 
approach that includes five polytypes of SnTiO3 representing the different basic stacking types and twinning 
domains (Figure S A.2, with all having an identical layer constitution. SnO2 and K2Ti8O17 were included as 
impurity phases, as well. The section starting at 30 ° 2θ is enlarged for clarity (insert). The calculated pattern 
(red line) is decomposed into the contributions of each phase (coloured line, below). 
The crystalline size, i.e. the expansion of the AB-type stacked coherently scattering domain was 
refined to a low value. Therefore, decomposition of the calculated pattern (Figure S A.5, red line) 
into the single components exhibits broad reflections for the AB-type stacked SnTiO3 phase (green 
line). This is in accordance with the systematic DIFFaX study. The other SnTiO3 polytypes exhibit 
rather sharp reflections indicating a larger expansion of the associated coherently scattering 
domains. In summary the calculated patterns of all SnTiO3 polytypes that were considered obtain 
substantial intensities, which means each of the stacking orders is present to a significant amount 
in the microstructure. The contribution of the impurity phases to the measured pattern (Figure 








Table S A.6. Ti-L2,3 edge peak positions and crystal field splitting (CFS) with corresponding ESDs.  







 A B C D Δ (eg-t2g) Δ (eg-t2g) 
SnTiO3 457.50(13) 459.92(12) 462.93(19) 465.20(13) 2.42(2) 2.27(8) 
CdTiO3 457.65(8) 459.75(4) 463.07(8) 465.04(4) 2.10(6) 1.97(3) 
FeTiO3 457.70(4) 459.89(6) 463.11(9) 465.18(5) 2.19(1) 2.06(2) 
SrTiO3 457.53(3) 459.85(3) 462.89(4) 465.25(3) 2.32(1) 2.36(3) 
PbTiO3 457.64(9) 459.58(9) 463.06(8) 464.98(9) 1.93(4) 1.91(2) 
 
A power-law fit was used for background subtraction of the edges. In the case of CdTiO3, the 
Cd-M4,5 edge overlaps with the onset of the Ti-L2,3 edge. For better representation in the 
manuscript its tail was removed from the Ti-L2,3 edge.  
O-K edge 
Table S A.7. O-K edge peak positions and crystal field splitting (CFS) with corresponding ESDs. 
 O-K edge  




 A B Δ (eg-t2g) 
SnTiO3 530.66(2) 533.24(15) 2.58(16) 
CdTiO3 530.82(3) 532.97(12) 2.15(10) 
FeTiO3 530.51(5) 533.10(7) 2.59(4) 
SrTiO3 530.24(4) 532.75(4) 2.51(6) 
PbTiO3 528.78(16) 531.31(21) 2.54(8) 
 
In contrast to the observations made for the Titanium L2,3-edge, (Figure 2.4) the CFS in the O-K 
edge is largely independent of distortions and all obtained values are within ESDs. The signature 
for SrTiO3 is significantly different from all other samples. Again, this can be explained by different 
hybridizations and interrelated transition probabilities. The higher energy peaks above ~535 eV 
have been assigned to hybridized states of O2p with the respective A-site cations2 and hence show 
the biggest differences in both position and intensity.  
The O-K edge of SnTiO3 is overlapping with the Sn-M4,5 edge. The background was removed for 
the energy region close to the onset of the Sn-M4,5 edge. 
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Figure S A.6. O K-edge of different ilmenite-type and perovskite-type structures. 
A.12 Solid-State NMR Spectroscopy 
 47,49Ti solid-state NMR spectra were obtained at a Larmor frequency of 50.73 MHz on a 
Bruker Avance II - 900 instrument (magnetic field 21.1T). A Bruker 4mm low-γ MAS probe and  
Bruker 7mm single-channel MAS probe have been used. External referencing in 47,49Ti spectra was 
accomplished with a [1M] solution of TiCl4 in CCl4 (high frequency signal from 49Ti set to 0ppm) 
and using solid SrTiO3 as a secondary reference. A non-selective π/2 pulse was calibrated on 49Ti 
in the  liquid reference sample. FIDs were collected using Solid-Echo (π/2-τ-π/2-τ-acq)3 and 
QCPMG (π/2-τ1-(-τ2-π-τ3-acq)n)4 pulse programs. Recycle delays ranged from 1s to 6s depending 
on the sample and complete relaxation of the signals was tested individually for each sample. 
Between 2000 and 20000 scans were acquired depending on the sample. Most of the spectra were 
acquired in a single frequency offset, while on the broadest spectra in MgTiO3 and ZnTiO3 three 
spectral offsets by 100 kHz were required to completely cover the desired spectral region. 
Spectral simulations 
 Analytical simulations of experimental spectra were carried out with the DMFit5 and 
QUEST6 simulation packages. Where available, we first fitted the MAS spectra, which provided the 
isotropic chemical shifts δiso, quadrupolar constants CQ and quadrupolar asymmetry parameter ηQ. 
These parameters were subsequently used in simulations of the static powder pattern to obtain 
span Ω and sqew k, with the Euler angles are commonly set to those obtained from the quantum 
chemical calculations (below). Special attention was given to reproducing the spectral 
discontinuities – and shoulders in simulated spectra. 
Quantum Chemical Calculations - NMR 
 Calculations of 47,49Ti electric field gradient and nuclear magnetic shielding tensors in 
model titanates were accomplished using the available crystallographic data (Table S A.2). Plane 
wave-based Density Functional Theory calculations were performed using the NMR module of the 
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CASTEP DFT code that employs the Gauge Including Projector Augmented Wave (GIPAW) 
algorithm7 and is a part of Biovia Materials Studio simulation and modelling package (Version 
2017).8 This method is specifically designed for extended lattice structures of crystalline 
materials. The Perdew-Burke-Ernzerhof (PBE) functional was used with the Generalized Gradient 
Approximation (GGA) for all calculations.9-10 The geometry optimization was performed using PBE 
functional with the convergence tolerance parameters set as follows: Energy: 10-5 eV/atom, 
Maximum force: 0.03 eV/A, Maximum stress: 0.05 GPa, Maximum displacement: 10-3 Å. The Euler 
angles relating the EFG tensor PAS to the CSA tensor PAS (α, β, γ) were extracted using the 
program EFG-Shield.11 
Experimental and computational results for crystalline titanates of known structure and the 
studied SnTiO3 are summarized in Table S A.8 and Figure S A.8.  
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Table S A.8. Theoretical and experimental values for 49Ti isotope of different perovskite and ilmenite-type 
structures. 
  Ti-49 Euler angles / ° Shielding parameters Ti-49, Experiment, our data 
 ICSD # 
CQ / 
MHz 
















SrTiO313 23076 0.00 0.00 0 0 0 -187.7 0.0 n/a 0.00 0.00 -847 0  
CaTiO314 153172 2.55 0.83 78 65 303 -182.9 42.5 0.797 3.01 0.62 -855.5 0  
BaTiO315 157806 2.52 0.00 0 0 0 -295.3 60.2 1 SI 2.74 0.00 -732   
BaTiO3 157806 2.52 0.00 0 0 0 -295.3 60.2 1 SII 3.23 0.20 -735   
CdTiO316 62151 3.18 0.93 102 50 268 -221.5 37.2 0.546      
CdTiO317 5310 10.55 0.00 90 90 180 -168.9 204.4 -1 11.32 0.00 -789 165 -1.0 
FeTiO318 153491 -1.57 0.00 90 90 180 
-
1326.9 
545.2 -1      
MgTiO319 164766 14.59 0.00 90 90 180 -224.8 184.6 -1 16.00 0.00 -800 180 -1 
PbTiO320 61168 10.31 0.00 0 0 0 -242.8 237.0 1 8.38 0.00 -750.9 380 1 




--- 6.04 0.00 90 90 180 -149.3 32.5 -1 7.29 0.00 -865.1 < 40 -1 
          
*from MAS measurements when available 
 
Figure S A.8. Solid-State NMR 47,49Ti static spin-echo and QCPMG spectra for a) PbTiO3 (P4mm), b) CdTiO3 
(R-3), c) MgTiO3 (R-3) and d) ZnTiO3 (R-3), each with corresponding fits with and without Chemical Shift 
Anisotropy (CSA). For a) and b) MAS spinning was included. 
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A.13 Quantum Chemical Calculations – Modelling of the polytypes 
The stacking faulted nature of SnTiO3 was further modelled by DFT using the above described 
models of stacking types AB, ABC/ACB, ABCB and ABCACB. DFT calculations using CRYSTAL14 [21] 
at different levels of theory were perfomed to compare total energies. Besides the standard LDA 
(VWN)[22] and GGA (PBE)[9] functionals, the hybrid-functional HSE06[23] was applied. Optimized 
all-electron basis sets for all atoms were taken from [24, 25, 26]. The Kohn-Sham matrix was 
diagonalized on a k-mesh of at least 6 x 6 x 6 and the convergence criterion was set to 10-9 a.u. For 
the evaluation of the Coulomb and Exchange integrals (TOLINTEG), tolerance factors of 10 10 10 
10 20 were used. 
Further, a direct space analysis of the charge density was carried out by calculating the electron 
localization function (ELF) with TOPOND[27] interfaced to CRYSTAl14 for the ABC model. 3D plots 
were visualized with XCrysDen[28]. 
Table S A.9. Optimized lattice parameters and cell volumes per formula unit for the stacking models of 
SnTiO3. c* corresponds to the fraction of c by the number of layers 
 stacking AB ABC ACB ABCB ABCACB 
 space group P-31c (163) R-3 (148) R-3 (148) P-31c (163) P-3 (147) 
xc-functional       
LDA a / Å 5.024 5.024 5.024 5.024 5.024 
 c / Å 12.965 19.480 19.482 25.952 38.942 
 c* / Å 6.483 6.493 6.494 6.488 6.490 
 V per f.u. / Å3 70.87 70.96 70.97 70.91 70.93 
GGA  a / Å 5.134 5.134 5.134 5.134 5.134 
 c / Å 13.856 20.738 20.743 27.685 41.528 
 c* / Å 6.928 6.913 6.914 6.921 6.921 
 V per f.u. / Å3 79.08 78.88 78.91 78.99 78.99 
HSE06 a / Å 5.073 5.073 5.073 5.073 5.073 
 c / Å 13.940 20.851 20.855 27.809 41.700 
 c* / Å 6.970 6.950 6.952 6.952 6.950 
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B.1 SHG of SnTiO3 and three reference materials 
 
Figure S B.1. Second Harmonic Generation of centrosymmetric Al2O3 and the non-centrosymmetric 
standards KDP (KH2PO4) and Quartz (SiO2) versus polycrystalline SnTiO3. In order to avoid absorption 
problems and potential two photon emission an IR laser with 1463 nm wavelength was used. The signal 
response of SnTiO3 is zero and thus confirms the centrosymmetric nature of as-synthesized ilmenite-type 
derived SnTiO3. 























Figure S B.2. Representative visualizations of the calculated Raman modes. Sn atoms in dark grey, Ti atoms 
in light grey and O atoms in red. The directions and strength of displacement is given by the direction and 
size of the green vectors. 
B.3 Analysis of peak maxima and FWHM 
 
Figure S B.3. a) Analysis of the Peak maxima of the mode at 700 cm-1 and b) respective FWHM showing in 
change at around 4-5 GPa and c) analysis of peak maxima of one soft mode indicating smaller dependence 





B.4 Computational pressure dependence of Raman modes 
 
Figure S B.4. Pressure dependent DFT calculations (PBE) of Raman modes for ABC and AB-type SnTiO3. 
B.5 Grüneisen-Parameters 
Table S B.1. Mode-Grüneisen parameters for linear regressions before and after PT-II. The bulk modulus 
23 GPa was used as fitted from Fig. 4.5. 
 
Mode <5 GPa >5 GPa 
 






60     
86 Not reliably determinable  
113 2.9 0.60 1.4 0.3 
167 0.963 0.13 0.39 0.05 
183 0.944 0.12 0.97 0.12 
216 -0.77 -0.08 -0.69 -0.07 
361 -0.89 -0.06 -0.87 -0.06 
412 2.66 0.15 1.59 0.09 
453 4.7 0.24 2.8 0.14 
555 Too broad to fit reliably 





B.6 Temperature dependence 
 
Figure S B.5. a) Diffractogram of cell heated by improvised ruby laser. The found reflections can be assigned 
to high-pressure phases of TiO2 and SnO2. b) Raman spectra of SnTiO3 at ambient pressure, heated up to 
1025 K, indicating the degradation between 700 K and 800 K. The cooled sample shows Raman modes 
typical for SnO2 at ~470 cm-1, 630 cm-1 and TiO2 at ~ 140 cm-1, 400 cm-1, 520 cm-1 and 640 cm-1.  
B.7 Possible high-pressure perovskite-like SnTiO3 
   
 
Figure S B.6. a) Increasing intensity at about 6° 2theta, fitting the highest intensity reflection of the 
predicted perovskite-like structures. Small deviation of peak maximum can be explained by further 
compression expected at the point of phase transition around 20 GPa. No conclusions about symmetry are 
possible. Reflections of high intensity at about 8°, 9.5° and 13.8° are solid Neon. SnO lattice parameters at 
high-pressure are taken from Giefers et al.1 b) Raman spectra into pressure region above PT-III, showing 
the loss of any regular vibrations, due to amorphization and dominating rutile TiO2 vibrations after ?cooling 
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C.1 Electronic and Optical properties 
 
Figure S C.1. a) Scheme of different localizations of the Ti dominated CBM and the Sn-O dominated CBM.  
b) Tauc-plot for SnTiO3 assuming an indirect band gap including picture of SnTiO3 powder. 
 
 
Figure S C.2. 2-layer (a) and 3-layer (b) band structures including hole effective masses, 0.16 me for 2L and 




              
Figure S C.3. Brillouin-Zones of space group R3̅ in hexagonal setting a) and rhombohedral b) with indication 
of paths as proposed by Setyawan et al.1 (Reproduced with permission of Elsevier 2010). 
 
 
Figure S C.4. a) COHP for litharge-type SnO (P4/nmm), showing bonding interaction of interlayer Sn-Sn 
and b) COHP for red SnO (Cmc21) with 2/3 of the bonding Sn-Sn interactions compared to black SnO, 
probably due to different orientation of the lone pairs as seen from the ELF. Electron Localization function 




C.2 Thermogravimetric Analysis (TGA) 
 
Figure S C.5. Thermogravimetric analysis (TGA) of full oxidation of SnTiO3 powder, also measured in NMR 
and Mössbauer spectroscopy. Complete oxidation with weight increase of ~ 6.5% corresponding initial 
presence of about 12 % Sn4+.  
C.3 1H ss-NMR 
 




C.4 X-ray photoelectron spectroscopy (XPS) 
 
Figure S C.7. a) XRPD before and after catalysis (λ = Mo Kα1) b) XP spectrum before catalytic testing in a 
basic (0.1 M KOH), 10vol% methanolic solution, showing Sn4+ on surface c) XP spectrum after catalysis, 
unchanged compared to before catalysis. 
 
Figure S C.8. a) XP spectrum of Sn 3d Sn2TiO4 with similar peak positions compared to SnTiO3 and very 
similar ratios of Sn4+ to Sn2+ and b) XP spectrum of Ti 2p showing two Ti species. The ratio of Sn:Ti is also 




C.5 Exfoliation Energy 
 
Figure S C.9. Computational determination of exfoliation energy for SnTiO3 on PBE-D2 level of theory. It 
can be seen that the datapoints cannot be perfectly fit by a Morse potential (red line). 
C.6 Composition 
Table S C.1. Elemental analysis for Ti and Sn (ICP-OES) from different SnTiO3 samples showing Ti to Sn 
ratio. 
 Ti Sn 
LD-lp-81b-red 4.39 4.62 
II 4.37 4.32 
LD-lp-81b-red/heavy 4.22 4.31 
II 4.47 4.75 
LD-lp-81b-yellow 4.21 4.18 
II 4.25 4.27 
LD-lp-71w-red 4.08 4.32 
II 4.10 4.40 
LD-lp-71w-red2 4.33 4.27 
II 4.44 4.32 
LD-lp-71w-yellow 4.07 4.48 
II 4.02 4.51 
 4.25 4.40 





C.7 Photocurrent switching 
SnTiO3 showed a rather exotic behavior in photoelectrochemical measurements. Figure S 10a 
shows the photocurrent response of a thin film electrode of SnTiO3 visible-light (cut-off filter 
420 nm). At a potential of about 0.74 V vs. RHE the photocurrent direction switches from 
photoanodic at higher potentials to photocathodic at lower potentials. This phenomenon has been 
observed in other (lone pair) materials and has been coined “photocurrent switching”2. The 
stability of the photoresponse was proven over five minutes (Fig. S 10b). The most accurate 
description for the observed process was given by Gaweda et al.3 and they explain the switching 
by thermodynamically blocked hole transfer to the electrolyte, due to a valence band that is too 
negative (on the electrochemical scale) for effectively quenching the hole. Consequently, the 
electrode will prefer reacting as a photocathode, draining the holes through FTO (Fig. S 10c). The 
photocurrent switching effect has been observed for akin materials such as Cu2O4 and BiVO42. The 
potentials of current switching were at – 0.6 V and +0.7 V against Ag/AgCl (pH = 6.5 for Cu2O => 
0.283 V vs RHE and pH = 7 for BiVO4 => 1.113 V vs RHE) respectively. The switching potential for 
SnTiO3 lies well above the known redox potentials for Sn4+ + 2 e- -> Sn2+ from the galvanic series. 
It fits however the expected trend of oxidizability from Cu1+ over Sn2+ to Bi3+. (+0.16 V Cu2+ + e- -> 
Cu+, but as one electron process, Sn4+ + 2 e- -> Sn2+ +0.15 V, Bi5+ + 2e- -> Bi3+ ~ +2 V). 
 
Figure S C.10. a) Photocurrent switching effect under visible light for thin film SnTiO3 on FTO. b) Stability 
test at potentials positive and negative of the photocurrent switching potential, indicating stable currents 





For BiOCl it was discussed that the presence of surface states induced by Bi3+ corrosion are 
inducing the unusual photocurrent response5 and Kudo found surface states in BiVO4 to be 
correlated with the photocurrent switching potential2. As we have seen in the main text SnTiO3 on 
the surface is indeed prone to oxidation to Sn4+ species. The observed photocurrent switching 
further supports this observation. In fact the surface states present, may be thought of as the in-
gap states of “empty” Sn4+. This would drastically change the valence band position under reaction 
conditions and may change the hole transfer behavior to the electrolyte. The resulting surface 
state/Sn4+ species might be required to enable hole transfer to water such that the electrode 
optimizes the surface chemistry at the cost of holes needed for Sn2+ oxidation first. Thus the 
valence band maximum at the surface of the electrode which is mostly consisting of the filled 
s-orbital of Sn2+ is now empty, leaving “surface states” within the band gap.  
 
C.8 Wavelength dependent H2 evolution 
 
Figure S C.11. Direct comparison of different photocatalytic conditions. a) Cycle number dependence,  





C.9 Dielectric constants for SnTiO3, directional dependence 
 
Figure S C.12. Theoretically determined (DFT-GGA) dielectric functions (imaginary and real parts) into in-
plane (εxx) and out-of-plane direction (εzz). 
Depending on the depth of the trapped charge carrier or defect, excitonic recombination might 
also lead to increased luminescence, sometimes with strong shift Stokes shifts. A shift between 
absorption and emission spectra has been observed in other 2D materials and is explained by a 
combination of quantum and dielectric confinement effects6-7. In the group of Karunadasa8-9 it was 
shown that strong anistropy of the dielectric constant between an organics dominated “barrier” 
and the transition metal dominated “well” in hybrid perovskites induces white-light emission 
from self-trapped charge carriers10. For SnTiO3, the dielectric constants in the optical regime also 
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